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Two  unique  series  of  W(IV)  imido  complexes  containing  the  chelating  diamido 
ligand  [o-(Me3SiN)2C6H4]  have  been  synthesized.  W(IV)  arene  complexes  with  the 
formulae:  W(NPh)(q4-ethylbenzene)(o-(Me3SiN)2C6H6)  (3)  and  W(NPh)(q  - 
propylbenzene)(o-(Me3SiN)2C6H6)  (4)  were  generated  through  hydrogenolysis  of  the 
W(VI)  dialkyl  complexes,  W(NPh)(CH2CH2Ph)2(o-(Me3SiN)2C6H4)  (1)  and 
W(NPh)(CH2CH2CH2Ph)2(o-(Me3SiN)2C6H4)  (2).  The  W(IV)L2  complexes,  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  and  W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2  (9)  were 
synthesized  by  Na°  reduction  of  W(NPh)(o-(Me3SiN)2C6H4)Cl2  in  the  presence  of 
pyridine  or  4-picoline.  These  compounds  have  been  fully  characterized  by  NMR 
spectroscopy,  and  X-ray  crystal  structures  of  4 and  9 have  been  determined. 

Compounds  8 and  9 readily  incorporated  additional  ligands,  PMe3  and  CO,  and 
undergo  ligand  substitution  reactions  with  PMe3  to  give  a series  of  six-coordinate  W(IV) 
complexes  that  demonstrate  the  coordinative  unsaturation  of  8 and  9.  The  solid  state 
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structures  of  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)(PMe3)2]  (14a)  are  described. 

The  reactivity  of  [W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2]  (8)  toward  unsaturated 
substrates  was  examined.  Compound  8 reacted  with  diphenylacetylene  to  give  the 
metallocylopropene  complex,  [W(NPh)(o-(Me3SiN)2C6H4)(PhC=CPh)]  (15).  Likewise 
compound  8 also  displayed  reactivity  towards  butadienes  resulting  in  the  formation  of 
W(NPh)[o-(Me3SiN)2C6H4][Ti4-(CH2=C(CH3)C(CH3)=CH2)]  (17)  and  W(NPh)[o- 
(Me3SiN)2C6H4](r|4-(CH2=CHCH=CH2)  (18).  Reduction  of  the  unsaturated  ligands  in  15 
and  17  was  observed  in  the  crystal  structures  of  these  compounds. 

Carbon-sulfur  bond  activation  of  thiophenes  promoted  by  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  was  also  studied.  Reaction  of  8 with  thiophene,  2- 
methylthiophene,  benzothiophene  or  3-methylthiophene  resulted  in  oxidative  addition  of 
the  C-S  bond  to  the  W(IV)  metal  center.  The  solid-state  structure  of  [o- 
(Me3 SiN)2C6H4] (NPh) W (SC4H4)  (22)  is  also  discussed.  Oxidation  of  the  W(IV)  center 
of  the  WL2  complexes  was  also  observed  in  their  reactions  with  olefins.  These  reactions 
led  to  oxidative  coupling  of  two  olefin  molecules  to  give  a series  of  metallacyclopentane 
complexes. 

Using  the  ability  of  Lewis  acids  such  as  EtAlCl2  to  decompose  these 
metallacycles,  a catalytic  olefin  dimerization/codimerization  catalyst  system  was 
devloped  based  on  the  W(VI)C12  complex.  Initial  studies  regarding  the  dimerization  of  a 
series  of  linear  a-olefins,  internal  and  terminal  olefins,  dienes  and  cyclic  olefins  are  also 
discussed.  In  addition  to  dimerization,  the  WCL/EtAlCL  catalyst  also  promotes 
oligomerization  of  alkenes  to  highly  branched  products. 
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CHAPTER  1 

INTRODUCTION  AND  BACKGROUND 


Organometallic  chemistry,  a field  dedicated  to  achieving  a better  understanding  of 
the  interactions  of  organic  molecules  with  transition  metals,  has  become  a bridge  between 
the  classical  fields  of  organic  and  inorganic  chemistry.  Consequently,  organometallic 
compounds  are  defined  as  materials  that  posses  a direct  bond  (a  or  n)  between  metal  and 
carbon  atoms.  Organo-transition  metal  chemistry  has  been  one  of  the  most  important 
areas  of  research  for  chemists  because  of  its  application  in  catalysis  of  oxidation, 
hydrogenation,  olefin  metathesis  and  polymerization  reactions  as  well  as  numerous 
additional  organic  transformations.1’4  Therefore,  synthesis  and  study  of  the  reactivity  and 
properties  of  transition  metal  compounds  plays  an  integral  role  in  expanding  the  general 
understanding  of  the  field  of  organometallic  chemistry. 

The  broad  applications  of  organometallic  complexes  are  in  part  due  to  the 
diversity  of  the  metals  in  the  transition  series.  Simply  by  changing  the  metal,  the 
properties  of  the  resulting  complexes  can  be  drastically  altered.  Moving  from  left  to  right 
across  the  periodic  table,  the  electronegativity  of  the  elements  increases  substantially. 
This  means  that  the  orbitals  in  which  the  electrons  reside,  decrease  in  energy  across  the 
transition  series.  As  a result,  the  early  transition  metals  are  electropositive  and  readily 
lose  all  of  their  valence  electrons  and  are  commonly  found  in  higher  oxidation  states. 
Lower  oxidation  states  of  these  metals  are  easily  oxidized  because  the  electrons  are  in 
high-energy  orbitals.  This  process  does  not  always  occur  at  the  hand  of  an  oxidizing 
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agent.  Early-transition  metal  complexes  with  a d2  electronic  configuration  can  lose  these 
electrons  to  the  n orbitals  of  unsaturated  ligands  through  back  bonding.  This  makes  d 
early-transition  metals  very  7i-basic  and  able  to  bind  n-acceptor  ligands  strongly. 

On  the  other  hand,  later-transition  metals  are  electronegative  and  tend  to  maintain 
their  valence  electrons.  Therefore,  lower  oxidation  states  tend  to  be  more  stable  and 
complexes  of  higher  oxidation  states  readily  find  a means  to  attain  a lower  more  stable 
oxidation  state.  As  a result,  back  donation  from  these  metals  is  limited  and  coordination 
of  an  unsaturated  ligand  usually  places  positive  character  on  the  ligand  making  it 
susceptible  to  nucleophilic  attack. 

Although  the  properties  of  transition  metals  are  diverse,  discussions  of 
organometallic  reaction  sequences  may  be  categorized  by  the  definition  of  five  general 
reaction  types  and  their  reverse  reactions  (Table  l-l).5  Characteristic  variables  that 
pertain  to  these  reactions  are  as  follows: 

1 . AVE:  Change  in  the  number  of  valence  electrons  at  the  metal  center. 

2.  AOS:  Change  in  the  oxidation  state  of  the  metal. 

3.  ACN:  Change  in  the  coordination  number  about  the  central  metal  atom. 

Two-electron  processes  where  the  metal  center  is  either  reduced  or  oxidized  by 
two  units  are  at  the  heart  of  many  organometallic  reactions.  As  shown  in  Table  1-1, 
oxidative  addition/reductive  elimination  and  oxidative  coupling/reductive  decoupling 
represent  a generalization  of  reaction  types  that  involve  a two-electron  process.  These 
reaction  types  have  been  observed  both  individually  in  stoichiometric  situations  and  in 
tandem  to  facilitate  a catalytic  reaction.  During  the  time  spent  compiling  the  results  to  be 
presented  in  this  dissertation,  the  importance  of  two-electron  processes  became  even 
more  apparent.  Because  of  the  enormous  volume  of  literature  regarding  this  type  of 
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reactivity,  this  introduction  will  demonstrate  the  significance  of  two-electron  processes  in 
catalysis  as  it  is  our  ultimate  goal  to  demonstrate  catalytic  activity  in  several  of  the 
systems  that  were  investigated.  Discussions  of  stoichiometric  reactions  that  rely  on  two- 
electron  oxidation  or  reduction  are  reserved  for  the  relevant  chapters.  I think  this  strategy 
builds  a more  effective  foundation  for  each  type  of  reactivity  and  aids  in  the  reader’s 
understanding  of  the  significance  of  the  chemistry  discussed  in  each  chapter. 

Table  1-1.  Generalization  of  the  types  of  organometallic  reactions. 


Reaction 

AVE 

AOS 

ACN 

Lewis-acid  ligand  dissociation 

0 

0 

-1 

Lewis-acid  ligand  association 

0 

0 

+1 

Lewis-base  ligand  dissociation 

-2 

0 

-1 

Lewis-base  ligand  association 

+2 

0 

+1 

Oxidative  addition 

+2 

+2 

+2 

Reductive  elimination 

-2 

-2 

-2 

Migratory  insertion 

-2 

0 

-1 

Extrusion 

+2 

0 

+1 

Oxidative  coupling 

-2 

+2 

0 

Reductive  decoupling 

+2 

-2 

0 

Of  the  many  applications  of  organometallic  chemistry,  the  homogeneous  catalysis 

6-8 

of  organic  reactions  is  of  great  importance  in  both  academia  and  industry.  ' 
Homogeneous  catalysis  proceeds  via  a series  of  reaction  steps,  coupled  to  each  other  to 
form  a complete  loop.  In  industry  these  reactions  allow  the  formation  of  products  in  a 
very  efficient  manner  whereas  the  academic  study  of  these  processes  generates  new 
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insights  into  the  understanding  and  optimization  of  these  catalyst  systems  through 
modeling  studies. 

Many  reactions  in  chemistry  are  favorable  thermodynamically,  yet  occur  at 
extremely  slow  rates.  The  presence  of  a catalyst  dramatically  increases  these  rates. 

Many  of  the  known  catalytic  cycles  involve  changes  in  the  oxidation  state  of  the  metal 
center.  Transition  metals,  with  their  d valence  electrons,  usually  posses  a large  number 
of  available  oxidation  states,  particularly  in  comparison  to  main  group  elements  and 
therefore  can  be  tailored  into  very  efficient  catalysts.  The  most  common  oxidation  state 
change  found  in  catalytic  systems  of  this  type  is  a two-electron  process  (eg.  M -M  -M  ) 
where  the  metal  cycles  between  two  readily  available  oxidation  states.  Typically,  the  two 
key  steps  in  a catalytic  cycle  that  proceeds  through  a reversible  two-electron  change  are 
oxidative  addition  and  its  reverse,  reductive  elimination  (Figure  1-1).  The  metals  in 
groups  8 to  1 0 especially  possess  a tendency  for  rapid,  reversible  two-electron 
oxidation/reduction  (such  as  from  1 8e'  to  1 6e'  and  back),  and  thus  it  is  not  surprising  that 
they  are  often  involved  in  homogeneous  catalysis.  On  the  other  hand,  although  early- 
transition  metals  (Groups  4,  5 and  6)  are  known  to  undergo  stoichiometric  oxidative 
addition  or  reductive  elimination  reactions,  catalytic  reactions  involving  these  complexes 
typically  do  not  involve  a change  in  the  oxidation  state  of  the  metal  during  the  catalytic 
cycle  (e.g.,  alkene  or  alkyne  metathesis  and  polymerization  for  which  there  is  no 
oxidation  state  change  during  the  catalytic  cycle). 
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(Ox.  State  = N) 


(Ox.  State  = N+2) 


Figure  1-1.  Reversible  oxidative  addition/reductive  elimination. 


Hydroformylation 

The  hydroformylation  of  olefins  (Figure  1-2),  was  discovered  by  Roelen  in  1938 
while  studying  the  mechanism  of  the  Fisher-Tropsch  synthesis.9,10  It  was  found  that  an 
alkene  could  be  converted  to  the  homologous  aldehyde  by  the  addition  of  H2  and  CO  in 
the  presence  of  Co2(CO)s.  Since  then  this  reaction  has  become  one  of  the  largest  volume, 
homogeneously  catalyzed  processes.11’13  Today,  C3-C15  aldehydes  are  produced  by  this 
process  and  then  converted  into  amines,  carboxylic  acids  and  primary  alcohols  with  the 
most  desirable  products  being  butanol  and  2-ethylhexanol.14 


Figure  1-2.  Catalytic  hydroformylation  of  alkenes. 


Much  of  the  early  work,  including  the  proposal  of  a rational  mechanism, 
regarding  this  process  focused  on  the  Co  catalyzed  reaction  (Figure  1-3).  What  was 
initially  thought  to  be  oxidative  addition  of  H2  followed  by  reductive  elimination  of 
aldehyde  (Steps  6 and  7),  a 2e’  cycle,  is  now  believed  to  involve  coordination  of  H2 
followed  by  hetero lytic  H2  cleavage.15,16  Through  this  mechanism,  oxidative  addition  of 
H2,  which  has  a high  activation  energy  in  this  system,  is  avoided. 
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Co2(CO)8 


H 


RCH2CH2COCo(H2)(CO)3 


RCH2CH2COCo(CO)3 


HCo(CO)4 


-CO 


HCo(CO)3 


ch2=chr 


HCo(CO)3(CH2=CHR) 


RCH2CH2Co(CO)3 


RCH2CH2Co(CO)4 


Figure  1-3.  Cobalt  catalyzed  hydroformylation. 


More  recently,  rhodium  based  catalyst  systems  have  replaced  those  derived  from 
Co  complexes.  The  rhodium  catalysts  have  the  advantages  of  very  mild  reaction 
conditions,  high  conversion  rates  of  olefin  and  high  selectivity  for  n-aldehyde.  Another 
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advantage  of  this  system  is  that  it  is  more  amenable  to  mechanistic  studies,  as 
exemplified  by  Wilkinson’s  pioneering  work  with  RhH(CO)(PPh3)3.18  The  key  steps  in 
this  reaction  are  the  oxidative  addition  of  H2  to  an  Rh(I)  intermediate  acyl  complex 
followed  by  reductive  elimination  of  the  product  aldehyde.  Shortly  after  these 
developments,  Union  Carbide  commercialized  the  first  phosphine-modified  rhodium 
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catalysts  for  hydroformylation.14  Figure  1-4  displays  a reaction  scheme  for  this  process, 
where  the  rapid  and  reversible  Rh(I)-Rh(III)  redox  couple  (Steps  5 and  6)  is  the  basis  for 
the  exceptionally  high  reactivity  of  this  catalyst. 


H(CO)Rh(P  Ph3)3 


-PPh3 


Ph3P"/, 


Rh- 


.,"Ho 


oc 


\ 


ppu  ch2ch2r 


^ch2ch2r 

Ph3p— Rh— PPH3 

ocr 


Figure  1-4.  Union  Carbide  hydroformylation  process. 


Acetic  Acid  Synthesis 

Another  example  of  how  reversible  two-electron  processes  can  facilitate  an 
organic  transformation  in  a catalytic  manner  is  the  synthesis  of  acetic  acid  from 
methyliodide.  The  rhodium  catalyzed  synthesis  of  acetic  acid,  which  was 
commercialized  by  Monsanto  in  the  late  1960s  also  relies  on  the  ability  of  rhodium  to 
cycle  between  Rh(I)  and  Rh(III). 19,20  Mechanistic  studies  of  this  process  led  to  the 
proposal  of  the  catalytic  cycle  shown  in  Figure  1-5.21'23  The  rhodium  catalyst  precursor, 
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RJ1X3,  is  converted  into  the  Rh(I)  anion,  [Rhl2(CO)2]'  in  the  system  which  contains  both 
CO  and  an  iodide  ions.  At  this  juncture,  the  reversible  2e‘  electron  process  begins  with 
the  oxidative  addition  of  CH3I  to  the  Rh(I)  anion  intermediate.  It  has  been  suggested  that 

21  23 

the  high  rate  at  which  this  step  occurs  accounts  for  the  observed  catalyst  activity. 
Subsequent  CO  migratory  insertion  precedes  completion  of  the  Rh(I)-Rh(III)-Rh(I)  two- 
electron  cycle  through  reductive  elimination  of  acetyliodide,  which  regenerates  the  Rh(I) 
anion.  Acetyliodide  is  then  hydrolyzed  to  produce  the  desired  product,  acetic  acid. 


Figure  1-5.  Rhodium  catalyzed  synthesis  of  acetic  acid. 


Alkene  Hydrogenation 

Further  support  for  the  importance  of  reversible  two-electron  reduction/oxidation 
processes  in  organometallic  chemistry  resides  in  the  ability  of  homogeneous  catalysts  to 
facilitate  the  hydrogenation  of  carbon-carbon  double  bonds.  Still  today,  the  single  most 
important  development  in  the  field  of  homogeneously  catalyzed  hydrogenation  was  that 
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reported  by  both  Coffey24  and  Wilkinson25  in  1965.  At  the  same  time  in  different  labs,  it 
was  observed  that  RhCl(PPh3)3  was  a very  efficient  hydrogenation  catalyst.  Their 
observations  stimulated  a large  amount  of  research  on  rhodium,  iridium  and  ruthenium 
complexes  containing  tertiary  phosphine  ancillary  ligands  as  possible  hydrogenation 
catalysts.  Included  in  this  work  were  several  very  exquisite  and  detailed  mechanistic 
studies  that  have  established  reaction  pathways  for  some  of  these  hydrogenation 
catalysts.26'29 

As  was  discussed  for  the  hydroformylation  and  acetic  acid  reactions,  the  rhodium- 
catalyzed  hydrogenation  of  olefins  also  involves  a cycling  between  oxidation  states  that 
are  two  units  apart.  Figure  1-6  shows  the  mechanism  for  alkene  hydrogenation  known  as 
the  dihydride  pathway.  For  this  catalytic  cycle,  oxidative  addition  of  H2  to  RhCl(PPh3)3 
results  in  the  formation  of  a Rh(III)  dihydride  species.  Olefin  coordination  followed  by 
insertion  into  the  M-H  bond  generates  an  intermediate  Rh(III)  alkyl  hydride  complex. 
Similar  to  hydroformylation  and  the  acetic  acid  synthesis,  the  Rh(I)-Rh(III)-Rh(I)  cycle 
found  in  catalytic  alkene  hydrogenation  is  completed  via  reductive  elimination  of  in  this 
case  alkane. 

The  three  examples  of  homogeneous  catalysts  described  above  are  by  no  means 
an  exhaustive  representation  of  the  intimate  role  that  the  ability  of  transition  metals  to 
cycle  between  oxidation  states  plays  in  organometallic  chemistry.  Numerous  additional 
examples  of  two-electron  processes  could  be  cited.  For  example,  catalytic  hydrosilation 
and  hydrocyanation  also  involve  transition  metal  complexes  that  have  this  type  of 
oxidation  state  cycling  at  the  heart  of  their  respective  reactivities.15  These  examples 
clearly  demonstrate  that  the  ability  of  transition  metals  to  undergo  facile  oxidation  state 
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changes  is  of  the  utmost  importance  in  the  catalysis  of  organic  reactions.  This 
dissertation  is  focused  on  the  investigation  of  a similar  two-electron  process  (W(IV)- 
W(VI))  and  its  potential  use  in  catalytic  transformations  of  organic  substrates. 


H 


PPh3 

=J=\ 


R 

Figure  1-6.  Homogeneously  catalyzed  alkene  hydrogenation. 

The  chemistry  of  tungsten  imido  dialkyl  complexes,  stabilized  by  the  chelating 
diamide  ligand,  ort/jo-(Me3SiN)2C6H4  has  been  a major  focus  of  our  research  group  for 
some  time.  ' However,  with  a single  observation,  the  direction  of  this  project  was 
significantly  altered  and  resulted  in  the  wide  array  of  reactivities  demonstrated  by  the 
[W(NPh)(o-(Me3SiN)2C6H4)j  fragment  discussed  in  this  dissertation.  It  was  observed 
that  when  an  NMR  sample  of  the  W(VI)-bisphenethyl  complex  was  exposed  to  a positive 
pressure  of  H2,  a new  W(IV)-arene  complex  was  formed.  Although  the  arene  complex 
was  not  isolated  and  fully  characterized  at  this  point,  an  interesting  reaction  was  noted. 

After  in  situ  generation  of  the  W(IV)-arene  complex,  the  reaction  mixture  was 
exposed  to  an  excess  of  both  H2  and  styrene  and  warmed  to  50°  C.  The  NMR  analysis  of 
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the  product  mixture  revealed  that  the  arene  complex  had  catalyzed  the  hydrogenation  of 
styrene  to  ethylbenzene.  Subsequently,  this  catalyst  was  also  found  to  facilitate  the 
hydrogenation  of  2,3-dimethylbutadiene  to  a mixture  of  czs-2,3-dimethyl-2-butene  and 
2,3-dimethylbutane.  Although  the  activity  of  the  catalyst  was  determined  to  be  small,  the 
catalyst  was  found  to  be  rather  robust  in  nature,  remaining  active  for  periods  up  to  two 
weeks  with  total  turnover  numbers  greater  than  5000. 

With  our  research  group’s  knowledge  of  W(VI)  alkyl  and  hydride  complexes  and 
a general  understanding  of  alkene  hydrogenation,  a plausible  mechanism  was  proposed  to 
rationalize  this  reactivity.  The  proposed  pathway  for  the  hydrogenation,  shown  in 
Figure  1-7,  involves  initial  oxidative  addition  of  H2  to  the  arene  complex  resulting  in  the 
loss  of  ethylbenzene.  Coordination  of  styrene  followed  by  insertion  into  the  W-H  bond 
gives  a W(VI)  alkyl  monohydride  intermediate  that  undergoes  reductive  elimination  to 
reform  the  arene  complex. 


Figure  1-7.  Proposed  mechanism  for  the  W(IV)-arene  catalyzed  hydrogenation  of 
styrene. 

Two  important  pieces  of  information  that  have  greatly  affected  the  content  of  this 
dissertation  were  obtained  from  these  reactions.  First,  the  observation  of  a W(IV)-arene 
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complex  suggested  the  possibility  of  synthesizing  a variety  of  W(IV)  complexes  that 
could  generate  many  new  avenues  for  research  in  our  group.  The  catalytic  hydrogenation 
of  styrene  although  slow,  demonstrated  the  feasibility  of  promoting  catalytic  reactions 
through  the  exploitation  of  what  appeared  to  be  an  accessible  W(IV)-W(VI),  reversible 
two-electron  process.  In  lieu  of  this,  we  undertook  the  task  of  exploring  the  chemistry  of 
the  chelate  stabilized  W(IV)  imido  system,  W(NPh)(o-(Me3SiN)2C6H4). 

In  this  dissertation,  my  research  regarding  the  synthesis,  characterization  and 
subsequent  reactivity  studies  of  this  fragment  is  presented.  Included  in  these  discussions 
are  the  syntheses  of  two  unique  W(IV)  systems  and  their  intriguing  spectroscopic  and 
structural  characteristics.  Although  the  reactivity  of  one  of  the  W(IV)  systems  was  found 
to  be  limited,  the  other  displayed  a rich  variety  of  reactivities,  including  ligand 
substitution,  substrate  reduction,  C-S  bond  activation  and  oxidative  coupling.  In 
addition,  an  alkene  dimerization  catalyst  is  presented  that  had  its  origins  in  the  knowledge 
gained  through  these  studies. 


CHAPTER  2 

HYDROGENOLYSIS  OF  p-HYDROGEN  CONTAINING  DI ALKYLS:  SYNTHESIS 
OF  d2  TUNGSTEN  ARENE  COMPLEXES  AND  THEIR  REACTION  WITH 

DIPHENYLACETYLENE 

Introduction 

The  chemistry  of  metal  complexes  containing  six  membered  Tr-arene  ligands  has 
been  thoroughly  developed  since  Fischer  and  Hafner  first  characterized  Cr(ri6-benzene)2, 

^ ^ i S' 

generated  from  the  AI/AICI3  reduction  of  CrC^  in  the  presence  of  benzene.  ’ ' Stable 
arene  complexes  have  now  been  characterized  for  virtually  all  of  the  transition  metals. 1 
Although  most  early  examples  of  transition  metal  arene  complexes  were  limited  to 

A g"  A 

compounds  containing  low  valent  metals,  " more  recently  d -metal-arenes  have  become 
more  common.46’51  Surprisingly,  examples  of  d2-arene  complexes  have  been  limited. 
However,  the  few  examples  of  d arene  complexes  are  representative  of  typical  syntheses 
for  high-oxidation  state  early  transition  metal  arene  complexes,  namely  reduction  of  a 
metal  halide  in  the  presence  of  arene  and  the  metal  mediated  cyclotrimerization  of 
alkynes. 

Troyanov  has  reported  the  synthesis  of  the  d arene  complexes  [ Zv(r\  -C6H6)2 
(AlCh^Ch]  and  [Ti(r|6-C6H6)(AlCl3)2Cl2], 52,53  which  were  generated  through  reduction 
of  ZrCL  and  TiCL  with  AI/AICI3  in  benzene  (Figure  2-1).  This  is  different  from  the 
conditions  (Na/K,  PMe3,  toluene)  used  by  Green  to  synthesize  the  Zr(II)  arene  complex 
Zr(r)6-toluene)Cl2(PMe3)2.54  In  addition  to  metal  halide  reduction,  metal  mediated  alkyne 
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cyclotrimerization  is  another  common  method  for  the  synthesis  of  early-  transition  metal 
arene  complexes.  Bruck  et  al.  applied  this  methodology  to  the  synthesis  of  [Ta(r|  - 
C6R.6)(OAr)2Cl],55  from  Ta(OAr)2Cl3  and  2-alkyne  with  Na/Hg  as  the  reducing  agent 
(Figure  2-2).  In  order  to  address  the  question  of  whether  or  not  the  coordinated  arene  of 
the  product  was  formed  at  the  metal  center,  the  reaction  of  Ta(OAr)2Cl3  with 
hexaethylbenzene  under  similar  conditions  was  examined.  The  absence  of 
Ta(C6R.6)(OAr)2Cl  in  the  product  mixture  supported  the  proposed  metal  assisted 
cyclotrimerization  mechanism  for  the  formation  of  [Ta(r|6-C6R6)(OAr)2Cl]. 


TiX4  + A1X3  + Al 


Figure  2-1.  Troyanov  synthesis  of  metal  arenes  by  reduction. 


2 Na/Hg 

Ta(OAr)2Cl3  + Excess  RC  = CR  

(R  = Me,  Et) 


Figure  2-2.  Metal  mediated  alkyne  cyclotrimerization. 
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Following  earlier  work  from  our  group  on  the  reactivity  of  P-hydrogen  containing 
W(VI)-dialkyl  complexes  of  the  type  [W(NPh)(o-(Me3SiN)2C6Fl4)R2]  (where  R = 
CH2CH3,  CH2CMe3)  ’ with  H2/u  we  became  interested  in  similar  reactions  where  the 
alkyl  groups  have  pendant  arene  rings  (R  = CH2CH2Ph,  CH2CH2CH2Ph). 


Synthesis  and  Characterization  of  W(IV)-arene  Complexes 
In  order  to  study  the  hydrogeno lysis  chemistry  of  W(VI)-dialkyl  complexes  with 
arene  containing  alkyl  groups,  the  complexes  [W(NPh)(o- 
(Me3SiN)2C6H4)(CH2CH2C6H5)2]33  (1),  and  [W(NPh)(o-(Me3SiN)2C6H4) 
(CH2CH2CH2C6H5)2]  (2)  were  synthesized  from  the  reaction  of  [W(NPh)(o- 
(Me3SiN)2C6H4)Cl2]  with  the  corresponding  Grignard  reagent  (Figure  2-3). 


v^'Cl 

'Cl 


+ RM  gX 


R = CH2CH,Ph, 
CH2CH2CH2Ph 


2BuLi,  -78°  C 


Figure  2-3.  Synthesis  of  W(VI)-dialkyl  complexes. 


/ 

Me  3 Si 


R = CH7CH2Ph  (1), 
CH2CH2CH2Ph  (2) 


Room  temperature  hydrogenolysis  (34psi,  H2)  of  a toluene  solution  of 
[W(NPh)(o-(Me3SiN)2C6H4)(CH2CH2C6H5)2]  (1),  or  [W(NPh)(o-(Me3SiN)2C6H4) 
(CH2CH2CH2C6H5)2]  (2)  (Figure  2-4),  results  in  a slow  color  change  from  orange  to  dark 
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purple  over  several  days.  From  these  solutions,  the  d -arene  complexes  [W(NPh)(r)  - 
ethylbenzene)(o-(Me3SiN)2C6H4)]  (3)  and  [W(NPh)(r|4-propylbenzene)(o- 
(Me3SiN)2C6H4)]  (4)  were  isolated  as  dark  purple  solids  by  washing  the  crude  reaction 
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products  with  cold  (MesSi^O.  Attempts  to  decrease  the  long  reaction  times  by 
increasing  the  reaction  temperature  or  the  H2  pressure,  led  to  the  formation  of 
significantly  more  complicated  product  mixtures. 


Toluene,  H?  (34ps 
4 days 


Ph 


Figure  2-4.  Synthesis  of  W(IV)-arene  complexes. 

Compounds  3 and  4 are  indefinitely  stable  at  room  temperature  in  the  solid  state 
when  stored  under  an  inert  atmosphere.  In  addition,  solutions  of  both  3 and  4 display 
surprising  stability  toward  arene-arene  exchange  reactions  which  have  been  observed  to 

cn 

readily  occur  at  room  temperature  for  analogous  molybdenum  arene  complexes,' 
suggesting  a more  robust  interaction  between  tungsten  and  the  arene  ring. 

The  new  71-bound  arene  ring  is  clearly  indicated  in  the  1 H NMR  spectra  of  3 and  4 
(Figure  2-5).  The  aromatic  resonances  for  the  protons  of  the  coordinated  ring  display 
typical  upfield  chemical  shifts  (5  4.27(t),  4.65(d),  4.73(f)  (3)  and  4.29(t),  4.68(d),  4.74(t) 
for  (4))  associated  with  arene  complexes  due  to  the  depletion  of  n-electron  density  from 
the  ring  upon  coordination  to  the  electropositive  metal  center.1  To  a lesser  extent,  the 
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resonances  corresponding  to  the  substituent  alkyl  hydrogens  of  3 and  4 are  also  shifted 
upfield  upon  coordination  (0.55(t),  1.66(q)  (3)  and  0.65(t),  1.03(m),  1.67(t)  (4)). 

Single  crystals  of  4 suitable  for  an  X-ray  diffraction  study  were  obtained  through 
slow  evaporation  of  a concentrated  C6D6  solution  of  4.  The  crystal  structure  of  4 shows 
that  the  arene  ring  is  coordinated  in  an  r|4  fashion  (Figure  2-6).  Selected  bond  lengths  and 
angles  are  summarized  in  Table  2-1.  The  W-C  distances  of  four  of  the  ring  carbons 
C3(2.251  A),  C4(2.363  A),  C5(2.382  A)  and  C6(2.267  A)  are  significantly  shorter  than 
those  for  ring  carbons  Cl (2.533  A)  and  C2(2.503  A).  As  a result,  a considerable 
distortion  from  planarity  of  the  coordinated  arene  ring  is  observed  (the  angle  between  the 
planes  formed  by  C2-C1-C6-C5  and  C2-C3-C4-C5  is  20.4°).  Furthermore,  the  short  ring 
C-C  distances  for  C4-C5  (1.372A)  and  C1-C2  (1.371  A),  consistent  with  C-C  double 
bonds,  coupled  with  the  fold  of  the  arene  ring  indicate  that  there  is  a significant 
disruption  of  aromaticity  upon  coordination.  Overall,  the  interaction  of  the  arene  ring 
with  the  tungsten  center  in  4 is  similar  to  the  (<T27i)  bonding  extreme  of  a 1,3-butadiene- 
metal  interaction.  Despite  the  inherent  stability  of  the  coordinated  arene  ring  in  3 and  4 
as  demonstrated  by  the  lack  of  arene  displacement  chemistry,  compound  3 was  found  to 
undergo  a unique  coupling  reaction  with  diphenylacetylene. 


W la fdoTHS2P0AE thy 1 benzene 
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Figure  2-5.  1 H NMR  spectrum  (CeDe)  of  [W(NPh)(r|4-ethylbenzene)(o- 
(Me3SiN)2C6H4)]  (3). 


PP» 
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Figure  2-6.  Molecular  structure  of  [W(NPh)(r|4-propylbenzene)(o-(Me3SiN)2C6H4)]  (4). 
Thermal  ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have  been 
removed  for  clarity. 

Table  2.1.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  4. 


W-Nl 

1.762(4) 

W-C5 

2.382(5) 

C6-C1 

1.459(7) 

W-N2 

2.057(4) 

W-C6 

2.267(5) 

W-N1-C7 

155.2(6) 

W-N3 

2.056(4) 

C1-C2 

1.371(6) 

N1-W-N2 

102.50(16) 

W-Cl 

2.533(5) 

C2-C3 

1.459(7) 

N1-W-N3 

103.44(16) 

W-C2 

2.503(5) 

C3-C4 

1.416(7) 

N3-W-N2 

77.66(14) 

W-C3 

2.251(5) 

C4-C5 

1.372(7) 

W-C4 

2.363(5) 

C5-C6 

1.434(7) 
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\2  + 21  Cycloaddition  of  Diphenylacetylene  and  Styrene 
Thermolysis  (60°  C)  of  a toluene  solution  containing  equimolar  amounts  of 
[W(NPh)(ri4-ethylbenzene)(o-(Me3SiN)2C6H4)]  (3)  and  PhC=CPh  for  12  hours,  afforded 
the  W(VI)-metallacyclopent-3-ene  species  [o-(Me3SiN)2C6H4) 

(NPh)\^CH2C(Ph)=C(Ph)lCHPh]  (5)  in  54%  yield  (Figure  2-7).  The  'H  NMR  spectrum 
of  5 displays  two  doublet  resonances  (2.58  and  2.81  ppm,  J = 10.8  Hz)  and  a singlet 
resonance  (4.77ppm,  Jw-h  = 4.8  Hz),  for  the  a-CH2  and  a-CH  protons  of  the 
metallacycle,  respectively.  In  the  C{  H } NMR  spectrum,  the  two  a-carbons  bonded  to 
the  metal  center  resonate  at  S 57.74  ppm  as  a triplet  with  ’j^C-'H)  = 143.0  Hz  and  73.72 
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ppm  as  a doublet  with  J(  C-  H)  = 137.36  Hz.  The  coupling  constants  measured  for  the 
a-carbons  in  compound  5 are  similar  those  observed  for  strongly  a27i-bound  group  4 and 
5 butadiene  complexes  (138-150  Hz).58’60 


Figure  2-7.  Synthesis  of  metallacyclopent-3-ene,  5. 

An  X-ray  diffraction  study  of  a single  crystal  of  5 grown  by  slow  evaporation  of  a 
saturated  pentane  solution  of  5,  confirmed  the  metallacyclopent-3-ene  structure  which 
was  deduced  from  the  spectroscopic  data  (Figure  2-8).  Selected  bond  lengths  and  angles 
are  summarized  in  Table  2-2.  Compound  5 adopts  a distorted  square  pyrimadal  geometry 


21 


about  the  W center  with  the  imido  group  occuping  the  apical  position.  A short  W-imido 
nitrogen  bond  length  of  1.745(3)  A is  indicative  of  a W-N  triple  bond.61'63  The  W-N2 
(2.034(3)  A)  and  W-N3  (2.037  A)  bond  distances  are  within  the  normal  range  observed 
for  W complexes  of  this  type.61'63  The  W-a-carbon  (W-Cl  and  W-C4)  bond  distances 
are  2.162(4)  and  2.204(4)  A respectively.  This  small  difference  in  the  W-Cl,  W-C4  bond 
lengths  can  be  attributed  to  a steric  interaction  between  the  phenyl  substituent  of  C4  and 
the  Me3Si  group  of  the  diamide  ligand.  Also,  the  fact  that  Cl  is  a secondary  carbon 
whereas  C4  is  tertiary  may  be  a contributing  factor  in  the  observed  elongation  of  the  W- 
C4  bond  length  with  respect  to  the  W-Cl  distance.  Localization  of  metallacyclopentene 
double  bond  between  C2  and  C3  is  indicated  by  the  short  C2-C3  bond  distance  of 
1 .364(5)  A,  which  is  consistent  with  a typical  C-C  double  bond.  Involvement  of  this 
double  bond  in  the  stabilization  of  the  metal  center  in  compound  5 is  minimal  as 
suggested  by  the  relatively  long  W-C2  and  W-C3  distances  of  2.589(4)  and  2.582(3)  A 
respectively. 

Proposed  Mechanism  for  Coupling 

It  has  been  demonstrated  that  early  transition  metal  complexes  facilitate  the  metal 
mediated  [2+2]  cycloaddition  alkynes  and  olefins  to  generate  metallacyclopentenes.64'67 
The  formation  of  5,  appears  to  proceed  by  initial  side-chain  C-H  bond  activation  of  the 
coordinated  ethylbenzene  in  3,  followed  by  [3  abstraction  of  H,  to  generate  a W(IV)- 
styrene  intermediate  (Figure  2-9).  Presumably,  the  intermediate  r|2-styrene  complex  then 
undergoes  the  expected  cycloaddition  reaction  with  PhCsCPh  followed  by  rearrangement 
to  generate  5. 


22 


Figure  2-8.  Molecular  structure  of  [o-(Me3SiN)2C6H4)(NPh) 

WCH2C(Ph)=C(Ph)CHPh]  (5).  Thermal  ellipsoids  are  drawn  at  40  % probability  and  the 
hydrogen  atoms  have  been  removed  for  clarity. 


Table  2-2.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  5. 


W-Nl 

1.745(3) 

W-C3 

2.582(3) 

W-N1-C24 

176.2(3) 

W-N2 

2.034(3) 

W-C4 

2.204(4) 

C1-W-C4 

76.97(15) 

W-N3 

2.037(3) 

C1-C2 

1.497(5) 

N2-W-N3 

79.43(15) 

W-Cl 

2.162(4) 

C2-C3 

1.364(5) 

N1-W-N2 

115.76(14) 

W-C2 

2.589(4) 

C3-C4 

1.495(5) 

N1-W-N3 

112.17(13) 
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Figure  2-9.  Proposed  mechanism  for  the  formation  of  5. 

W(IV)-olefin  complexes  are  not  new  to  our  research  group.  During  our 
investigation  of  the  P -hydrogen  transfer  chemistry  of  W(VI)-dialkyl  complexes,  the  r\  - 
styrene  complex  W(NPh)[o-(Me3SiN)2(r|2-styrene)(PMe3)2  was  isolated  from  the  reaction 
of  [W(NPh)(o-(Me3SiN)2C6H4)(CH2CH2C6H5)2]  (1)  with  two  equivalents  of  PMe3.33 
However,  attempts  to  isolate  a pure  sample  of  base  free  styrene  complex,  in  order  to 
study  its  reaction  with  diphenylacetylene,  have  proved  difficult.  Thermolysis  of  a toluene 
solution  of  the  bis-(phenethyl)  complex  1 produces  a intractable  mixture  of  products, 
which  as  determined  by  'H  NMR  spectroscopy,  includes  W(IV)-styrene  complex,  W(IV)- 
ethylbenzene  complex  3,  styrene  and  ethylbenzene  as  well  as  other  uncharacterized 
products  (Figure  2-10).  To  circumvent  this  problem  and  be  able  to  generate  the  styrene 
complex  in  situ,  a W(VI)-dialkyl  system  was  synthesized  such  that  the  only  products  of 
P-hydrogen  transfer  chemistry  would  be  styrene  complex  and  a volatile  alkane. 
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Figure  2-10.  Styrene  complex  formation  from  bis-(phenethyl)  and  an  ideal  system. 


Synthesis  of  a W(VI)  Mixed-dialkyl  Complex 

In  order  to  determine  the  validity  of  the  proposed  formation  of  an  r|  -styrene 

intermediate  through  loss  of  H2,  the  chemistry  of  the  mixed  dialkyl  complex  [W(NPh)(o- 
(Me3SiN)2C6H6)(CH2CH2C6H5)(Me)]  (7)  was  examined.  Synthesis  of  compound  7 
followed  a procedure  in  which  the  monoalkyl  complex  [W(NPh)(o- 
(Me3SiN)2C6H6)(CH2CH2C6H5)(Cl)]  (6)  was  isolated  from  the  reaction  of  [W(NPh)(o- 
(Me3SiN)2C6H4)Cl2]  with  one  equivalent  of  PhCPhCP^MgCl.  Subsequent  alkylation  of  6 
with  one  equivalent  of  MeMgl  led  to  the  formation  of  7 in  ca.  75  % yield. 

Thermolysis  (70°)  of  an  NMR  sample  (C7D8)  of  7 led  to  the  formation  of  the  rf- 
styrene  complex  W(NPh)[o-(Me3SiN)2C6H4](r|2-styrene)  through  the  liberation  of  CH4. 
Once  again  attempts  to  isolate  and  fully  characterize  this  reaction  on  preparatory  scale 
were  hindered  by  the  instability  of  the  styrene  complex.  In  agreement  with  the  proposed 
mechanism  for  the  formation  of  the  metallacyclopentene  complex  5,  reaction  of  the 
mixed-dialkyl  [W(NPh)(o-(Me3SiN)2C6H6)(CH2CH2C6Hs)(Me)]  (7)  with  one  equivalent 
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of  diphenylacetylene  at  70°  C for  several  hours  gave  the  metallacyclopentene  complex,  5 
in  good  yield  (70  %)  (Figure  2-11). 


+ CH 


Ph 


Figure  2-11.  In  situ  generation  of  styrene  complex  to  synthesize  metallacyclopent-3-ene. 


Cycloaddition  and  Rearrangement  Steps 

Once  the  styrene  complex  has  been  generated  by  side-chain  C-H  activation  and 
reductive  elimination  of  FF  from  3 (Figure  2-9),  rapid  coupling  of  this  intermediate  with 
diphenylacetylene  takes  place  to  give  the  metallacyclopent-2-ene.  In  addition  to  the 
numerous  reports  of  metal  mediated  olefin-alkyne  coupling  present  in  the  literature,64"67 
this  type  of  reactivity  has  also  been  demonstrated  in  our  lab  with  a Mo(IV)  system.  In 
contrast  to  the  tungsten  system,  the  analogous  Mo-styrene  complex  Mo(NPh)[o- 

* 2 * rn 

(Me3SiN)2C6FLi](r|  -styrene)  is  stable  and  has  been  isolated  and  fully  characterized.' 
Reaction  of  the  Mo-styrene  complex  with  diphenylacetylene  at  room  temperature  initially 
(after  2 h)  yields  the  expected  olefin-alkyne  coupling  product  a metallacyclopent-2-ene 
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complex.  Over  a period  of  2 days  this  product  is  slowly  converted  to  a metallacyclopent- 
3-ene  species  analogous  to  compound  5 (Figure  2-12).  These  observations  not  only 
support  styrene-alkyne  coupling  in  the  reaction  of  3 with  PhC^CPh,  but  they  also 
demonstrate  the  likelihood  of  the  proposed  final  rearrangement  of  the  metallacyclopent- 
2-ene  species  to  compound  5. 


/ 

Me3Si 


Ph 


Ph 


\ 


2 hours 


Ph 


Ph 


Ph 


metallacyclopent-2-ene 


metallacyclopent-3-ene 


Figure  2-12.  Molybdenum  mediated  [2  +2]  cycloaddition. 


Conclusions 

ii*  2 

The  chemistry  of  d -arene  complexes  of  early  transition  metals  has  not  been  a 
very  thoroughly  studied  field.  In  this  chapter  the  results  of  hydrogenolysis  of  (3 -hydrogen 
containing  W(VI)-dialkyl  complexes  supported  by  imido  and  diamide  ligands  were 
presented.  It  was  found  that  dialkyl  compounds  1 and  2 are  slowly  converted  to  the 
corresponding  arene  complexes  3 and  4 over  several  days.  Unfortunately  the  presence  of 
a strong  W-arene  interaction  has  limited  the  subsequent  chemistry  of  these  complexes  in 
comparison  to  their  Mo  analogs,  which  undergo  rapid  arene-arene  exchange  reactions. 
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The  unexpected  reaction  of  [W(NPh)(r|6-ethylbenzene)(o-(Me3SiN)2C6H4)]  (3)  with 
diphenylacetylene  to  give  the  metallacyclopentene  complex  5,  has  allowed  us  to  apply 
our  knowledge  of  both  W and  Mo  chemistry  to  propose  a mechanism  for  this 
transformation.  Included  in  this  proposed  mechanism  is  a reaction  that  is  of  industrial 
significance.  The  initial  step  in  the  reaction  of  3 with  diphenylacetylene  involves  the  C- 
H bond  activation  of  the  ethylbenzene  side-chain,  followed  by  reductive  elimination  of 
H2.  If  correct,  this  process  mimics  the  industrial  preparation  of  styrene  which  is 

accomplished  via  ethylbenzene  dehydrogenation  in  the  presence  of  an  iron-oxide  based 
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catalyst.  The  extreme  conditions  required  to  facilitate  the  reaction  on  an  industrial  scale 
(600°  C,  in  a steam  atmosphere)  demonstrate  the  difficulty  in  removing  H2  from 
ethylbenzene.  This  was  also  found  to  be  the  case  in  the  reaction  of  3 with 
diphenylacetylene,  which  only  proceeded  at  elevated  temperatures  (>  60°  C). 


CHAPTER  3 

COORDINATIVELY  UNSATURATED  W(IV)  BIS-PYRIDINE  COMPLEXES: 

A REACTIVE  SOURCE  OF  W(IV) 

Introduction 

As  discussed  in  Chapter  2,  through  the  reaction  of  the  P-hydrogen  containing 
W(VI)-dialkyl  complexes  with  H2,  we  have  established  that  d tungsten-arene 
complexes  with  the  general  formula  W(NPh)(r|4-arene)(o-(Me3SiN)2C6H4)  (arene  = 
CH3CH2C6H5  (3) , CH3CH2CH2C6H5  (4) ) can  be  synthesized  by  hydrogenolysis  of  the  P- 
hydrogen  containing  dialkyl  complexes  W(NPh)(o-(Me3SiN)2C6H4)(CH2CH2C6H5)2  (1) 

and  W(NPh)(o-(Me3SiN)2C6H4)  (CHzC^CHzCeHs^  (2). 

Since  its  beginnings  in  the  mid  50’s,  the  chemistry  of  transition  metal  n- arene 
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complexes  has  been  investigated  in  considerable  detail.  Reports  have  demonstrated  that 
a coordinated  arene  can  behave  as  a spectator  ligand,  labile  ligand  or  substrate  ligand.1 
For  these  reasons,  we  became  interested  in  further  examining  the  chemistry  of  the  chelate 
stabilized  W(IV)-arene  complexes  W(NPh)[o-(Me3SiN)2C6H4)  ](ri4-ethylbenzene)  (3) 
and  W(NPh)[o-(Me3SiN)2C6H4)  ](r|4-propylbenzene)  (4)  as  well  as  other  W(IV) 
derivatives  of  these  complexes.  As  was  stated  in  Chapter  2,  we  were  disappointed  in  the 
limited  reactivity  demonstrated  by  compounds  3 and  4,  presumably  due  to  a robust  metal- 
arene  interaction.  However,  as  has  been  observed  and  well  studied  for  other  transition 
metal  arene  complexes,44’48’70’71  compounds  3 and  4 were  found  to  be  susceptible  to  arene 
displacement  by  a-donor  ligands.  In  this  chapter,  the  synthesis  of  a series  of 
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coordinatively  unsaturated  W(IV)L2  compounds  through  arene  displacement  as  well  as 
initial  reactivity  studies  that  suggests  these  compounds  are  a more  reactive  source  of 
W(IV)  than  the  arene  complexes  will  be  presented. 

Arene  Displacement  Reactions 

Pentane  solutions  of  the  W(IV)-arene  complexes  W(NPh)[o-(Me3SiN)2C6H4) 
](r)4-ethylbenzene)  (3)  and  W(NPh)[o-(Me3SiN)2C6H4)  ](r|4-propylbenzene)  (4)  rapidly 
react  with  2 eq.  of  pyridine,  4-picoline  or  quinoline  at  room  temperature  to  give  the 
W(IV)L2  compounds  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2]  (8)  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(p-C6H7N)2]  (9)  as  dark  purple  solids  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(C9H7N)2]  (10)  as  a black  solid  in  good  yield  (60-75  %)  (Figure  3-1). 
Additional  purification  of  the  crude  products  was  possible  through  subsequent  washings 
with  cold  pentane  (0°  C)  followed  by  drying  the  resulting  solid  in  vacuo.  However,  the 
highly  unstable  nature  of  these  complexes  significantly  hinders  the  purification  process. 


R = CH2CH2Ph  (3)  or  L = C5H5N  (8),  p-C6H7N  (9) 

CH2CH2CH2Ph  (4)  and  C9H7N  (10) 

Figure  3-1.  Synthesis  of  W(IV)L2  complexes  via  arene  displacement. 

Attempts  to  generate  W(IV)L2  compounds  analogous  to  compounds  8-10  with 
other  picoline  derivatives  and  bipyridine  were  unsuccessful.  Reaction  of  2 equivalents  of 
either  2-picoline  or  3-picoline  with  W(NPh)[o-(Me3SiN)2C6H4)  ](r|4-propylbenzene)  (4) 
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gave  intractable  mixtures  of  products,  which  by  'H  NMR  spectroscopy  contained  small 
amounts  of  the  desired  W(IV)L2  products.  The  exact  nature  of  the  remaining  products 
has  yet  to  be  determined.  However,  based  on  observations  of  C-H  bond  activation 
chemistry,  which  will  be  presented  in  Chapter  4,  it  is  possible  that  some  of  the  undesired 
products  are  a result  of  C-H  activation  of  the  picoline  CH3  group.  Compound  4 does  not 
react  with  bipyridine  at  room  temperature  and  at  elevated  temperatures  only 
decomposition  of  the  arene  complex  is  observed. 

Spectroscopic  and  X-ray  Crystallographic  Studies 

1 1 n 

The  room  temperature  H and  C NMR  spectra  of  8, 9 and  10  are  consistent  with 
monomeric  L2  adducts  where  the  donor  ligands  are  coordinated  in  an  r| 1 (N)  fashion.  In 
particular,  upon  coordination,  the  resonances  for  the  donor  ligand  protons  are  shifted  up 
field  with  respect  to  the  free  ligand.  Interestingly,  the  ortho  ring  protons  of  the 
nitrogen  donor  ligands  for  compounds  8 and  9 display  significantly  different  chemical 
shifts  (5.69  and  7.80  ppm,  (8),  5.78  and  7.88  ppm  (9)),  suggesting  that  there  is  hindered 
rotation  of  the  rings  about  the  W-N  bonds  on  the  timescale  of  the  NMR  experiment.  This 
hindered  rotation  renders  the  ortho  protons  of  each  ring  inequivalent,  but  the 
corresponding  ortho  protons  on  adjacent  rings  are  equivalent  due  to  the  presence  of  a 
mirror  plane,  which  exists  between  the  two  pyridine  ligands.  Figure  3-2  shows  the  proton 
assignment  scheme  for  the  W(IV)(pyridine)2  (8)  complex  whereas  Table  3-1  is  a 
compilation  of  the  proton  resonances  for  the  pyridine  ligands  of  compounds  8-10. 
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Figure  3-2.  Proton  assignment  for  W(IV)(pyridine)2  (8). 

Table  3-1 . Summary  of  *H  NMR  chemical  shifts  of  the  pyridine  ligands  for  compounds 
8-10.  All  spectra  were  obtained  in  C6D6. 


W(IV)L2  Complex 

8 

9 

10 

Ortho 

5.69  d,  7.80  d 

5.78  d,  7.88  d 

5.55  d 

Meta 

6.27  t 

6.28  t 

6.50  dd 

Para 

4.95  t 

N/A 

4.99  d 

The  structure  of  the  L2  adducts  was  confirmed  by  an  X-ray  diffraction  analysis  of 
a single  crystal  of  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2]  (9),  grown  from  an  unstirred 
reaction  mixture  in  pentane  at  room  temperature  (Figure  3-3).  Selected  bond  lengths  and 
angles  are  summarized  in  Table  3-2.  The  coordination  geometry  about  the  W atom  in  9 
is  best  described  as  distorted  square  pyramidal  with  the  W atom  displaced  0.69A  out  of 
the  N2-N3-N4-N5  plane.  The  W-Nl  bond  length  of  1.753(3)  A is  consistent  with  typical 
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W-N  imido  bond  lengths3 1,61,69  while  the  W-N(pic)  distances  of  2.083(3)  and  2.109(3)  A 
are  shorter  than  what  is  typically  found  (2.30  A)  for  W(IV)-N(py)  bond  lengths.72'75 


Figure  3-3.  Molecular  structure  of  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2]  (9). 
Thermal  ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have  been 
removed  for  clarity. 


Table  3-2.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  9. 


W-Nl 

1.753(3) 

N3-W-N2 

78.34(10) 

W-N3 

2.060(2) 

N5-W-N4 

80.33(10) 

W-N2 

2.062(3) 

N2-W-N5 

87.91(10) 

W-N5 

2.083(3) 

N3-W-N4 

88.80(10) 

W-N4 

2.109(3) 

Cl-Nl-W 

169.7(3) 
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Bonding  Explanation  for  Hindered  Rotation 
The  structural  data  for  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2]  (9)  combined 
with  a basic  understanding  of  the  bonding  in  these  complexes  provides  an  explanation  for 
the  unexpected  slow  rotation  of  the  pyridine  rings  at  room  temperature  that  is  observed  in 
the  ]H  NMR  spectra  of  8,  9 and  10.  The  conformation  of  the  diamido  ligand  in  9 is 
significantly  different  from  that  observed  in  the  W(VI)  compounds  we  have  previously 
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studied.  In  the  W(VI)  complexes,  an  angle  of  ca.  50°  is  formed  by  the  plane  defined  by 
the  W and  two  amide  N atoms  and  the  plane  defined  by  the  two  amide  N atoms  and  the 
phenylene  ring  (Figure  3-4).  We  suggested  that  the  folding  of  the  TMS2pda  ligand  in  the 
d°  complexes  arises  because  of  n donation  from  the  amide  N atoms  to  the  LUMO  (dxy)  on 
the  W center.56  Maximum  n donation  occurs  when  the  N orbitals  are  rotated  into  the 
xy  plane  of  the  metal  center  (Figure  3-4).  In  order  to  approach  this  conformation,  the 
ligand  folds  along  the  N-N  vector  giving  the  observed  structures.  Recently,  DFT 
calculations  performed  by  Galindo76  confirmed  these  qualitative  arguments. 


Figure  3-4.  Pictorial  representation  of  ligand  fold  angle  for  W(VI)  complexes. 
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In  contrast  to  the  W(VI)  complexes,  compound  9 has  an  almost  planar  diamide 
ligand  (fold  angle  = 5.3°).  The  structural  difference  arises  because  in  9 the  dxy  orbital 
contains  a pair  of  electrons.  In  order  to  avoid  a filled-filled  interaction  between  the  dxy 
orbital  and  nitrogen  p^  orbitals,  the  nitrogen  px  orbitals  rotate  out  of  the  xy  plane,  away 
from  the  dxy  orbital  (Figure  3-5).  Upon  rotation,  the  diamide  ligand  is  flattened.  This 
conformation  moves  the  SiMe3  groups  into  the  xy  plane  (The  plane  of  the  pyridine 
rings.).  This  creates  a steric  interaction  between  the  SiMe3  groups  and  the  Py  ligands  that 
is  the  source  of  the  observed  hindered  rotation  of  the  pyridine  rings  about  the  W-N  bonds. 


W(VI)  vs.  W(IV) 


Figure  3-5.  Pictorial  representation  of  W(VI)  vs.  W(IV)  Np, -M  dxy  orbital  overlap. 
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We  have  previously  synthesized  the  complex  W(NPh)[o-(Me3SiN)2C6H4]Ph2 
(ll),33’77  which  can  be  used  as  a W(VI)  model  of  compounds  8-10  and  we  observe  free 
rotation  of  the  phenyl  rings  about  the  W-C  bonds  (Figure  3-6).  Because  this  compound 
has  a d°  electronic  configuration,  we  would  expect  that  the  o-(Me3SiN)2C6H4  ligand  is 
folded  along  the  N-N  vector  as  it  is  in  all  other  M(VI)  (M=  Mo,  W)  complexes  of  this 
type.  This  folding  of  the  ligand  moves  the  SiMe3  groups  out  of  the  xy  plane  of  the 
molecule  thus  relieving  the  steric  congestion  in  the  complex  that  would  cause  hindered 
rotation  about  the  W-C  bonds. 

This  bonding  model  combined  with  structural  features  obtained  from  X-ray 
crystallographic  analysis  will  be  used  in  Chapters  4 and  5 as  a tool  towards  understanding 
the  properties  of  several  of  the  pentacoordinate  complexes  presented  in  these  chapters. 
Specifically,  we  can  use  this  information  to  characterize  the  oxidation  state  of  the  metal 
center  and  rationalize  the  observed  reactivities. 


Figure  3-6.  Synthesis  of  W(VI)(phenyl)2  (11). 

Improved  Synthesis  of  W(IV)L2  Compounds 
Although  our  initial  discovery  of  the  W(IV)L2  compounds  through  arene 
displacement  from  either  3 or  4 allowed  us  to  characterize  compounds  8, 9 and  1 0,  in 
order  to  study  their  chemistry  more  easily,  a more  efficient  synthetic  pathway  was 
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necessary.  In  light  of  this,  we  have  discovered  that  compounds  8 and  9 can  be  generated 
from  the  W(VI)-dichloride  complex  W(NPh)(o-(Me3SiN)2C6H4)Cl2  in  one  step.  Na° 
reduction  of  a THF  solution  of  the  W(VI)-dichloride,  in  the  presence  of  pyridine  or  4- 
picoline  produces  8 and  9 with  improved  purity  and  yield  (>  90  %)  (Figure  3-7). 

Isolation  of  pure  8 and  9 is  accomplished  by  removal  of  the  THF  in  vacuo  followed  by 
toluene  extraction  to  separate  the  desired  products  from  NaCl,  the  major  byproduct  of  the 
reaction.  Subsequent  removal  of  toluene  from  the  filtrate  solution  followed  by  drying 
the  resulting  solid  in  vacuo  for  3 hours  yields  8 and  9 as  dark  purple,  crystalline  solids. 

This  synthetic  route  eliminates  the  need  to  generate  the  W(IV)-arene  complexes  3 
and  4 which  require  4-7  days  to  synthesize.  In  addition,  the  difficulty  encountered  in 
both  the  purification  of  the  arene  complexes  and  the  purification  of  the  W(IV)L2 
complexes  when  generated  from  the  arene  complexes  are  circumvented. 


3 L 


2 Na°  THF 
RT,  45  Min 


Me3Si 

L = C5H5N  (8)  or 
p-C6H7N  (9) 


Figure  3-7.  Synthesis  of  8 and  9 by  Na°  reduction  of  W(NPh)(o-(Me3SiN)2C6H4)Cl2. 


Addition  of  a Sixth  Ligand  to  W(IV)L2 
We  have  found  that  the  W(IV)L2  compounds  8 and  9 are  coordinatively 
unsaturated  and  readily  accommodate  additional  ligands.  For  example,  reaction  of 
[W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2]  (8)  or  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2] 


37 


(9)  with  CO  (20  psi)  results  in  the  rapid  formation  of  the  six  coordinate  complexes 
[W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b),  which  are  isolated  as  dark  brown,  crystalline 
solids  (Figure  3-8).  Pure  samples  of  12a  and  12b  are  obtained  simply  by  removing  the 
pentane  reaction  solvent,  subsequent  purification  was  not  necessary  in  this  case. 


L = C5H5N(8),  L = C5H5N  (12a), 

C6H7N  (9)  C6H7N  (12b) 

Figure  3-8.  Synthesis  of  six-coordinate  W(IV)  complexes. 

An  X-ray  diffraction  study  was  performed  on  a single  crystal  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a),  grown  from  a concentrated  Et20  solution  at  -40° 
C over  a 1 week  period.  The  molecular  structure  is  shown  in  Figure  3-9  and  a summary 
of  selected  bond  lengths  and  angles  is  presented  in  Table  3-3.  Complex  12a  adopts  a 
pseudo-octahedral  geometry  about  the  W-atom,  with  the  pyridine  groups  occupying 
mutually  trans  positions.  Consequently,  the  phenyl-imido  is  cis  and  trans  to  the  NSiMe3 
groups,  and  CO  occupies  the  remaining  coordination  site.  The  largest  distortions  from  a 
purely  octahedral  geometry  are  the  N1-W-N2  (1 10.34(14)°)  and  N2-W-N3  (78.08(12)°) 
bond  angles,  which  can  be  attributed  to  the  restricted  bite  of  the  chelate  ring. 
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Figure  3-9.  Molecular  structure  of  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2(CO)]  (12a). 
Thermal  ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have  been 
removed  for  clarity. 


Table  3.3.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  12a. 


W-Nl 

1.787(3) 

N1-W-N4 

92.67(14) 

C29-W-N4 

96.07(14) 

W-N2 

2.139(3) 

N1-W-N5 

92.18(14) 

C29-W-N5 

88.85(15) 

W-N3 

2.112(3) 

N4-W-N5 

173.39(12) 

N3-W-N4 

89.23(12) 

W-N4 

2.203(3) 

N1-W-C29 

84.62(16) 

N3-W-N5 

86.63(12) 

W-N5 

2.215(3) 

C29-W-N3 

86.83(15) 

N2-W-N4 

88.77(12) 

W-C29 

1.985(4) 

N1-W-N2 

110.34(14) 

N2-W-N5 

85.34(13) 

C29-01 

1.165(5) 

N2-W-N3 

78.08(12) 
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The  value  of  the  CO  stretching  frequencies,  vco  = 1890  cm'1  (12a)  and  1878  cm'1 

2 

(12b),  are  unusually  low  for  what  might  be  expected  for  high  oxidation  state  (W(IV),  d ) 
complexes.  It  is  likely  that  the  ability  of  the  W to  back-bond  to  the  CO  ligand  is 
significantly  enhanced  relative  to  what  might  be  expected  because  the  amide  N that  is 
trans  to  the  CO  ligand  is  a n donor  ligand,  which  enhances  the  back-bonding  thereby 
relieving  an  unfavorable  N prt  - Wd n filled-filled  interaction. 

The  room  temperature  'H  NMR  spectra  of  12a  and  12b  display  two  peaks  (0.34 
and  0.37  ppm  (12a),  0.41  and  0.45  ppm  (12b))  that  are  assigned  to  inequivalent  Si(CH3)3 
groups.  The  inequivalence  of  the  Si(CH3)3  groups  is  consistent  with  the  structural  results 
that  place  the  NSiMe3  groups  cis  and  trans  to  the  imido  group.  In  contrast  to  the  H 
NMR  spectra  of  the  W(IV)L2  compounds  8,  9 and  10,  there  is  only  one  set  of  pyridine 
ring  protons  for  12a  and  12b  due  to  the  equivalency  of  the  rings  in  the  octahedral 
geometry.  Consistent  with  the  NMR  spectra  of  compounds  8 and  9,  the  meta  and  para 
ring  proton  resonances  of  the  pyridine  ligands  of  12a  and  12b  are  shifted  upfield  with 
respect  to  free  ligand  and  the  ortho  protons  experience  a downfield  shift.  The  *H  NMR 
spectrum  of  12b  (Figure  3-10)  displays  this  chemical  shift  pattern  as  the  ortho  protons  are 
shifted  downfield  (8.7  ppm)  and  the  meta  protons  are  shifted  upfield  (6.2  ppm).  This 
pattern  of  the  chemical  shifts  of  the  pyridine  ligands  in  six-coordinate  W(IV)  complexes 
became  instrumental  in  characterizing  additional  six-coordinate  complexes  presented  in 
this  chapter  as  well  as  those  found  in  Chapter  4.  The  l3C  NMR  spectra  of  12a  and  12b 
display  resonances  at  281  and  284  ppm  respectively  corresponding  to  the  CO  ligands. 
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Figure  3-10.  ]H  NMR  spectrum  of  [W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b) 
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Ligand  Substitution  Reactivity 


Substitution  of  One  Pyridine  Ligand 

Examination  of  the  chemistry  of  the  six  coordinate  compounds  12a  and  12b  led  to 
the  observation  that  one  of  the  N-donor  ligands  is  labile  and  can  be  displaced.  This  was 
demonstrated  by  the  reaction  of  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  and 
[W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b)  with  PMe3  to  give  the  substitution 
products  [ W (NPh)(o-(Me3 SiN)2C6H4)(C 5H5N)  (CO)(PMe3)]  (13a)  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(C6H7N)(CO)(PMe3)]  (13b)  (Figure  3-1 1).  Due  to  the  coordinative 
saturation  of  12a  and  12b,  we  believe  that  the  reaction  proceeds  through  a dissociative 
pathway  in  which  a five  coordinate  [W(NPh)(o-(Me3SiN)2CeH4)(CO)L]  intermediate  is 
trapped  by  the  incoming  PMe3  ligand. 


L 


1 PMe 


pentane,  RT 
30  Min 


L = C5H5N  (12a), 
C6H7N  (12b) 


L = C5H5N  (13a), 
C6H7N  (13b) 


Figure  3-11.  Pyridine  substitution  with  PMe3. 


The  'll  NMR  spectra  of  compounds  13a  and  13b  display  two  peaks  (0.21  and 
0.30  ppm  (13a),  0.25  and  0.34  ppm  (13b))  that  are  assigned  to  inequivalent  Si(CH3)3 
groups.  Resonances  corresponding  to  the  PMe3  ligands  appear  at  0.98  for  13a  and  1.00 
for  13b  with  2Jp_h  coupling  constants  of  9.0  and  9.3  Hz  respectively.  The  resonances  for 
the  pyridine  protons  of  13a  and  13b  display  a similar  pattern  to  that  which  was  observed 
for  compounds  12a  and  12b.  The  31P  NMR  spectra  of  these  complexes  display  a single 
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resonance  for  the  PMe3  ligands  (-10.76  ppm  (13a),  -10.71  ppm  (13b))  with  a !Jw-p 
coupling  constant  of  188  Hz  for  both  compounds. 


Synthesis  of  WflVXPMe^L  Complexes 

In  agreement  with  the  proposed  lability  of  one  of  the  N-donor  ligands  in  the  six 
coordinated  complexes  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  and 
[W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b),  reaction  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  or  [W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2]  (9)  with  2 eq.  of 
PMe3  results  in  the  rapid  formation  of  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2] 
(14a)  and  [W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)2]  (14b)  respectively  with  loss  of 
1 eq.  of  pyridine  or  picoline  (Figure  3-12).  Displacement  of  pyridine  or  4-picoline  by  a 
second  PMe3  group  to  generate  compounds  14a  and  14b  instead  of  complexes  of  the  type 
W(IV)L2(PMe3)  is  preferred  as  demonstrated  by  the  reaction  of  compound  8 or  9 with  1 
eq.  of  PMe3,  which  produces  a 1 :1  mixture  of  the  bis-phosphine  complexes  14a  or  14b 
and  W(IV)L2  (starting  material)  as  determined  by  NMR  spectroscopy. 


Me  3s/ 


+ 2 P Me  3 


pentane,  RT 
30  Min 


L = C5H5N  (8), 
C6H7N  (9) 


L = C5H5N  (14a) 
C6H7N  (14b) 


Figure  3-12.  Synthesis  of  W(IV)L(PMe3)2  complexes. 


An  X-ray  diffraction  study  was  performed  on  a single  crystal  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(CsH5N)(PMe3)2]  (14a),  grown  from  a concentrated  pentane  solution  at 
-40°  C over  3 days.  The  molecular  structure  is  shown  in  Figure  3-13  and  a summary  of 
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selected  bond  lengths  and  angles  is  presented  in  Table  3-4.  Complex  14a  adopts  a 
pseudo-octahedral  geometry  about  the  W-atom,  with  the  PMe3  groups  occupying 
mutually  cis  positions.  Consequently,  the  phenyl-imido  group  is  cis  and  trans  to  the 
NSiMe3  groups,  and  pyridine  occupies  the  remaining  coordination  site  trans  to  one  of  the 
PMe3  ligands.  The  largest  distortions  from  a purely  octahedral  geometry  are  the  Nl-W- 
N3  (102.06(17)°),  N2-W-N3  (76.76(15)°),  N3-W-N4  (82.60(16)°)  andN3-W-P2 
(170.40(1 1)°)  bond  angles,  which  can  be  attributed  to  the  restricted  bite  of  the  chelate 
ring. 


Figure  3-13.  Molecular  structure  of  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2] 
(14a).  Thermal  ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have 
been  removed  for  clarity. 
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Table  3-3.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  14a. 


W-Nl 

1.795(4) 

N1-W-N3 

102.06(17) 

N4-WN2 

90.73(16) 

W-N2 

2.151(4) 

N2-W-N3 

76.76(15) 

N4-W-N3 

82.60(16) 

W-N3 

2.166(4) 

N2-W-P2 

94.51(11) 

Pl-W-Nl 

89.83(13) 

W-N4 

2.232(4) 

N1-W-P2 

86.96(14) 

P1-W-N2 

85.68(12) 

W-Pl 

2.4757(14) 

N4W-N1 

93.61(17) 

P1-W-N3 

91.10(12) 

W-P2 

2.4950(13) 

N4-W-P2 

93.65(11) 

P1-W-P2 

92.23(5) 

Similar  to  the  W(IV)L2(CO)  compounds  12a  and  12b  and  the 
W(IV)L(CO)(PMe3)  compounds  13a  and  13b,  the  room  temperature  lH  NMR  spectra  of 
14a  and  14b  display  two  peaks  (0.14  and  0.20  ppm  (14a),  0.17  and  0.24  ppm  (14b), 
assigned  to  the  inequivalent  Si(CH3)3  groups,  again  due  to  a cis  and  trans  orientation  with 
respect  to  the  imido  group.  The  PMe3  protons  appear  as  doublets  at  1 .09  ppm  ( Jp.h  = 
7.3  Hz)  and  1.43  ppm  (2Jp-h  = 6.3  Hz)  for  14a  and  1.12  ppm  (2Jp-h  = 8.1  Hz)  and  1.46 
(2Jp-H  = 6.3  Hz)  for  14b,  consistent  with  inequivalent  PMe3  groups.  The  31P  NMR  spectra 
of  14a  and  14b  confirm  this  inequivalency  as  the  PMe3  groups  appear  as  two  doublets 
(-40.31,  -24.09  ppm,  2JP.P  = 9.5  Hz)  for  14a  and  (-39.93,  -24.09  ppm,  2JP.P  = 10.0  Hz)  for 
14b  that  have  183W  satellites  ('Jw-p  = 190  and  158  Hz  (14a),  1 Jw-p  = 193  and  159  Hz 
(14b)).  The  small  2Jp.p  values  are  consistent  with  a cis  orientation  of  the  PMe3  groups,3 
leaving  the  pyridine  group  as  the  remaining  ligand  of  the  octahedral  complex.  A cis- 
orientation  of  the  PMe3  groups  also  accounts  for  the  difference  in  the  1 Jw-p  values.  The 
larger  1 Jw-p  value  corresponds  to  the  PMe3  group  which  is  trans  to  pyridine  and  the 
smaller  value  for  the  PMe3  trans  to  amide  as  would  be  expected  with  the  amide  group 
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having  a greater  trans  influence  than  pyridine.  This  was  also  observed  in  the  solid-state 
structure,  where  the  W-P  distance  for  the  PMe3  group  trans  to  amide  (2.4950(13)  A)  is 
longer  than  that  for  the  PMe3  group  trans  to  pyridine  (2.4757(14)  A). 

Conclusions 

The  Na°  reduction  of  [W(NPh)[o-(Me3SiN)2C6H4]Cl2]  in  the  presence  of  donor 
ligands  such  as  pyridine  or  4-picoline,  provides  a simple  and  efficient  means  for 
producing  the  coordinatively  unsaturated  W(IV)L2  compounds  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  or  [W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2]  (9).  The 
reactions  of  compounds  8 and  9 with  additional  ligands  (CO,  PMe3),  presented  in  this 
chapter,  serve  to  demonstrate  the  reactive  nature  of  these  compounds  as  well  as 
suggesting  patterns  of  ligand  substitution  that  will  become  important  in  subsequent 
chapters.  Based  on  the  initial  observations  of  the  lability  of  the  N-donor  ligands  upon 
formation  of  six  coordinate  complexes,  we  believe  that  W(IV)L2  compounds  will  display 
very  rich  chemistry.  Chapters  4 and  5 will  discuss  in  more  detail  the  reactivity  of  these 
complexes  with  certain  organic  substrates. 

In  addition  to  the  increased  reactivity  with  respect  to  the  W(IV)-arene  complexes, 
the  W(IV)L2  compounds  8 and  9 are  to  the  author’s  knowledge,  very  rare  examples  of 
bis-pyridine  complexes  where  there  is  hindered  rotation  about  the  M-N(py)  bonds.  Using 
the  bonding  model  that  was  presented,  we  were  able  to  suggest  that  a steric  interaction 
between  the  Me3Si  groups  and  the  pyridine  ligands  causes  the  observed  hindered  rotation 
of  the  pyridine  ligands.  This  bonding  model  and  the  fold  angle  of  the  diamide  ligand 
become  important  tools  in  the  discussion  of  the  chemistry  presented  in  the  following 
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CHAPTER  4 

REACTION  OF  THE  W(IV)L2  COMPLEXES  WITH  VARIOUS  UNSATURATED 
SUBSTRATES:  UNDERSTANDING  THE  REACTIVITY  OF  THE  W(NPh)[o- 

(Me3SiN)2C6H4]  FRAGMENT 

Introduction 

The  interaction  of  early-transition  metal  complexes  with  unsaturated  organic 
substrates  has  been  an  active  area  of  research  for  many  years.  The  focus  of  this  chapter 
will  be  expanding  our  understanding  of  the  chemistry  of  the  W(IV)L2  complexes 
W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  and  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2  (9)  in 
the  presence  of  various  unsaturated  organic  substrates.  Included  in  the  discussion  of  this 
topic  will  be  the  reactions  of  compounds  8 and  9 with  acetylenes,  butadienes  and  olefins 
and  the  structural  and  spectroscopic  properties  of  the  resulting  products. 

Early-Transition  Metal  Acetylene  Complexes 

Acetylene  complexes  of  group  4, 78-83  584'90  and  687,91'104  transition  metals  with  a 
d2electronic  configuration  are  well  known  and  have  been  investigated  in  detail.105,106 
Typically,  the  alkyne  ligands  in  these  complexes  are  considered  to  be  it -bound  to  the 
metal  center.  The  magnitude  of  the  ligand-to-metal  7i-donor  interaction  can  range  from 
two  to  four  electrons,  depending  on  the  involvement  of  the  alkyne  perpendicular  71- 
bonding  component.  Research  has  also  shown  that  the  metal-to-ligand  interactions  may 
be  sufficiently  strong  to  change  the  formal  oxidation  state  of  the  metal  and  reduce  the 
alkyne  ligand.85,89,90  The  extent  of  this  reduction  is  such  that  alkyne  complexes  have 
been  used  as  a source  of  1,2-alkene  dianions  in  organic  synthesis.88 
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In  contrast  to  the  synthesis  of  d arene  complexes  of  the  early  transition  metals 
(Chapter  2),  acetylene  complexes  are  most  commonly  generated  through  displacement 
reactions  where  a ligand  is  displaced  by  an  acetylinic  substrate.  For  example,  Nielson96 
et  al.  used  the  reaction  of  WCl2(NPh)(PMe3)3  with  diphenylacetylene  to  generate  the 
W(IV)-acetylene  complex  WCl2(NPh)(PhC=CPh)(PMe3)2  (Figure  4-1).  Ligand 
displacement  has  also  been  employed  in  the  synthesis  of  Group  5 acetylene  complexes 
such  as  Nb(THF)2Cl3(RC=CR).88 


Figure  4-1.  Synthesis  of  acetylene  complex  by  ligand  displacement. 


Acetylene  complexes  can  also  be  generated  by  reduction  of  a metal  halide  in  the 

QO 

presence  of  alkynes  as  demonstrated  by  Rothwell’s  synthesis  of  a series  of  alkyne 
complexes  of  the  type  W(OAr)2Cl2(C2R2)  from  the  reaction  of  W(OAr)2Cl4  with  an 
alkyne  using  Na°  as  the  reductant.  Among  the  well-characterized  d2,  Group  4 
metallocene-acetylene  complexes  the  Ti  complexes  Cp  2Ti(r|  -acetylene)  or  Cp2Ti(r)  - 
acetylene),  were  the  first  to  be  generated  without  additional  donor  ligands.  Analogous 
complexes  of  zirconium  are  less  common.  Rosenthal  was  able  to  isolate  and  characterize 
the  first  zirconacene-acetylene  complex,  rac-[l, 2-ethylene- l,l’-bis(r|5- 
tetrahydroindenyl)]Zr(r|  -acetylene)  through  the  Mg°  reduction  of  rac-[l,2-ethylene-l,l’- 
bis(r|5-tetrahydroindenyl)]ZrCl2  with  bis(trimethylsilyl)-acetylene.82 
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Early-Transition  Metal  Butadiene  Complexes 

1.3- Butadiene  complexes  of  early-transition  metals,  especially  titanium, 

zirconium  and  tantalum,  have  been  shown  to  be  distinctively  different  from  those  of  late- 

1 (Y1  

transition  metals.  Therefore,  the  considerable  interest  in  diene  complexes  of  Group  4 
and  5 metals  is  not  surprising. I08,109,58’59  From  this  area  of  research  has  come  a number  of 
significant  discoveries,  such  as  the  first  mononuclear  diene  complex  with  the  diene 
moiety  bound  in  an  s-trans  conformation  Cp2Zr(diene) 1 10  as  well  as  a host  of  new 
reagents  for  organic1 1 1-1 13  and  organometallic1 14‘120  transformations.  In  addition,  these 
studies  have  shown  that  the  bonding  displayed  by  Group  4 and  5 diene  complexes  has 
demonstrated  the  effect  of  periodicity  on  the  coordination  modes  of  unsaturated  ligands. 
As  with  complexes  of  other  unsaturated  ligands,  butadiene  complexes  are  typically 
generated  by  either  ligand  displacement  or  metal  halide  reduction  in  the  presence  of 
diene,  but  they  can  also  be  synthesized  by  the  addition  of  Mg-butadiene(THF)3  to  metal 
dihalides  as  well. 

1.3 - Butadiene,  the  simplest  acyclic  conjugated  diene,  is  a common  ligand 

191 

particularly  for  complexes  of  the  later  transition  metals.  Coordination  of  1 ,3-butadiene 
to  these  electron  rich  metals  takes  the  form  of  a 7i -bound,  cis-planar  group  of  carbon 
atoms,  which  are  all  nearly  equidistant  from  the  metal  center.  Consistent  with  this  are  the 
very  similar  carbon-carbon  bond  lengths  of  the  butadiene  fragment.  This  n 4 type  of 
bonding  is  typical  for  the  1,3-diene  complexes  of  those  metal  to  the  right  of  the  periodic 
table  (Figure  4-2). 
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Figure  4-2.  Bonding  extremes  for  transition  metal  butadiene  complexes. 

For  early  transition  metals,  a completely  different  mode  of  coordination  is 
observed,  which  includes  both  a and  n components.  In  this  type  of  0271  geometry,  the 
four  carbon  atoms  of  the  butadiene  are  not  equidistant  from  the  metal  center  and  the 
carbon-carbon  bond  lengths  are  dissimilar,  alternating  as  long-short-long.  An  extreme  of 
this  type  of  bonding  is  the  metallacyclopentene  having  only  a minimal  interaction  of  the 
carbon-carbon  double  bond  with  the  metal  center  (Figure  4-2). 

Diene  complexes  usually  display  dynamic  behavior  and  the  nature  of  these 
processes  also  appears  to  be  dependant  on  the  position  of  the  metal  center  in  the 
transition  series.  For  later,  electron  rich  metals,  the  diene  fragment  normally  undergoes 
rotation  around  the  metal-butadiene  centroid  axis  while  for  early-transition  metals,  a 
process  known  as  envelope  flipping  is  observed.  The  latter  process  has  also  been  induced 
in  late-transition  metal  complexes  of  the  type  CpCo(diene)  under  photochemical 
conditions.  Additional  reports  have  also  suggested  the  possibility  of  diene  rotation 
coupled  with  envelope  flipping  to  explain  the  fluxional  behavior  of  low  valent  diene 
complexes  of  Mo123  and  W.124 

Early-Transition  Metal  Olefin  Complexes 

Similar  to  712-butadiene  complexes,  stable  ti -olefin  complexes  are  more  common 
for  late-transition  metals  than  for  early-transition  metals,  due  to  increased  back  bonding 
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capabilities  of  the  more  electron  rich  late-transition  metals.  However,  the  proposed 

involvement  of  olefin  complexes  as  intermediates  in  many  industrial  processes1  and 

synthetic  reactions  ’ has  increased  interest  in  early-transition  metal  olefin  complexes. 

Several  groups  have  studied  the  equilibrium  between  bis-olefin  complexes  and 

metallacyclopentanes.125'127  Typically,  this  equilibrium  lies  towards  the 

metallacyclopentane  isomer  for  early-transition  metal  species.  Therefore,  in  order  to 

isolate  high-oxidation  state  early-transition  metal  7t-olefm  complexes,  additional  donor 

ligands  such  as  PR3  groups  are  usually  required.  Bercaw125  was  able  to  isolate  and 

characterize  the  monomeric  Cp  2Ti(r|  -ethylene)  complex  from  the  reduction  of 
* 

Cp  2TiCl2  under  ethylene  pressure.  This  complex  was  also  found  to  undergo  subsequent 
oxidative  coupling  with  additional  ethylene  to  generate  a metallacyclopentane  species 
(Figure  4-3). 


Figure  4-3.  Synthesis  of  Ti-ethylene  and  Ti-metallacyclopentane  complexes. 


2 

Group  5 and  6 d olefin  complexes  are  also  common  in  the  literature,  but  once 
again  these  compounds  require  additional  stabilization  in  the  form  of  donor  ligands. 
Examples  of  these  types  of  complexes  include,  but  are  not  limited  to:  Ta(NPh)(r|2- 
olefin)(PMe3)3Cl, 1 28  Cp*T a(=C(H)(t-butyl))(r|2-ethylene)(PMe3), 1 29  Mo(NAr)(OR)2(r|2- 
ethylene)(PMe3)130  and  W(NAr)Cl2(PMe3)2(Ti2-olefm).102’131 
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In  recent  years,  members  of  our  research  group  synthesized  a series  of  stable 
Mo(IV)-r|2-olefin  complexes  of  the  type  [Mo(NPh)(ri2-olefin)(o-(Me3SiN)2C6H4)]  (olefin 
= propylene,  isobutylene,  1 -butene,  2-butene,  styrene).57,132  In  addition,  analogous 
Mo(IV)-acetylene  and  Mo(IV)-butadiene  complexes  have  been  synthesized  from  the 
Mo(IV)-arene  complexes  by  simple  ligand  displacement.  Our  observations  of  the  ability 
of  the  W(IV)L2  complexes  to  readily  accommodate  a sixth  ligand  and  undergo  ligand 
substitution  reactions  combined  with  a desire  to  compare  the  reactivity  of  the  Mo(IV) 
complexes  with  the  W(IV)  system  prompted  us  to  investigate  the  reactivity  of  these 
complexes  with  unsaturated  substrates. 

Synthesis  and  Characterization  of  a W-alkyne  Complex 
The  W-alkyne  complex  [W(NPh)(o-(Me3SiN)2C6H4)(PhC=CPh)]  (15)  was 
prepared  by  heating  an  equimolar  toluene  solution  of  W(NPh)(o- 
(Me3SiN)2C6H4)(CsH5N)2  (8)  and  diphenylacetylene  at  55°  C for  4 hours.  Purification  of 
the  crude  product  by  pentane  extraction  gave  15  as  an  air  and  moisture  sensitive  brown 
solid  in  68  % yield  (Figure  4-4).  The  'H  NMR  spectrum  for  15  displays  overlapping 
aromatic  resonances  for  the  diamide,  imido  and  coordinated  diphenylacetylene  moieties 
with  integration  values  that  are  consistent  with  a monomeric  W(IV)-alkyne  complex. 

The  SiMe3  protons  resonate  as  a singlet  at  0.41  ppm. 
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L = C5H5N  (8)  15 


Figure  4-4.  Synthesis  of  W-alkyne  complex  15. 

Table  4-1.  13C  NMR  chemical  Shifts  for  Selected  Tungsten  Alkyne  complexes 


Complex 

8(R13C=CCR) 

[WCl4(C2Ph2)]6J 

270.0 

W(NPh)(o-(Me3SiN)2C6H4)(PhC=CPh)  this  work 

198.5 

[W(OC6H3Pr2-2,6)2Cl2(C2Et2)98 

191.7 

[W(OC6H3Pr2,-2,6)2Cl2(C2Ph2)98 

183.4 

[Tp  ’ W (0)(I)(C2Me2)] 1 03 

162.0 

[Tp  ’ W(0)(I)(PhC=CMe)] 96 

167.0 

[WCl2(NPh)(C2Ph2)(PMe3)2]96 

155.8 

[WCl2(NNCHMe2)(C2Ph2)(PMe3)2]96 

151.4 

[WCl2(NC6H3Pr2,-2,6)(C2Ph2)(PMe3)2]101 

154.4 

A more  detailed  explanation  of  the  13C  NMR  spectrum  is  warranted  here  due  to  its 
importance  in  understanding  the  nature  of  the  metal-alkyne  interaction.  Table  4-1  lists 

13 

the  C NMR  chemical  shifts  of  the  alkyne  carbon  atoms  for  a variety  of  W(IV)  alkyne 
complexes.  It  can  be  seen  (Table  4-1)  that  the  13C  NMR  resonance  for  the  alkyne 
carbons  of  15  is  downfield  (198.5  ppm)  of  the  W-alkyne  complexes  that  are  considered  to 
contain  3 electron  donor  alkynes  ligands  (140-190  ppm).105  Even  though  the  resonance 
for  the  alkyne  carbons  of  15  is  within  the  range  for  4e"  donor  alkyne  complexes,  the  shift 
is  not  as  dramatic  as  that  observed  for  [WCl4(C2Ph2)]  (270  ppm)85  Of  significance  is  the 
large  chemical  shift  difference  (~  45  ppm)  observed  when  comparing  15  to  other  reported 
(imido)  W-alkyne  complexes.  However,  in  comparison  to  15  most  of  these  complexes 
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contain  additional  donor  ligands.  The  lack  of  donor  ligands  such  as  PMe3  in  compound 
15  results  in  a decreased  electron  density  at  the  tungsten  center.  This  increases  the 
magnitude  of  the  W-alkyne  interaction,  resulting  in  a more  significant  downfield  shift  of 
the  alkyne  resonance.  Therefore,  based  on  literature  reports  and  the  observed  1 3C  NMR 
spectrum  for  15,  the  alkyne  ligand  of  this  complex  can  be  considered  a 4 e'  donor. 

X-ray  Structural  Analysis 

An  X-ray  diffraction  study  was  performed  on  a single  crystal  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(PhC=CPh)]  (15),  grown  from  a concentrated  Et20  solution  of  15,  which 
was  left  undisturbed  at  -40°  C for  one  week.  The  data  obtained  from  this  study  was  found 
to  be  in  agreement  with  the  spectroscopic  findings,  specifically  the  nature  of  the  W- 
alkyne  interaction.  A summary  of  selected  bond  lengths  and  angles  for  15  are  presented 
in  Table  4-2.  Compound  15  adopts  a distorted  square  pyramidal  geometry  about  the  W 
metal  center  with  the  imido  group  occupying  the  apical  position  (Figure  4-5).  The  W- 
Nl(imido)  (1.756(2)  A),  W-N2(amido)  (1.984(2)  A)  and  W-N3(amido)  (2.017(2)  A) 
bond  distances  are  all  consistent  with  what  has  been  previously  observed  for  these  types 
of  bonds.  The  W-C(alkyne)  bond  distances  of  2.054(3)  A,  which  are  consistent  with  W- 
C single  bonds31  and  the  acetylene  C-C  distance  of  1.332(4)  A (1.34  A is  the  generally 
accepted  value  for  a C=C  bond)  suggest  a metallacyclopropene  structure  for  the 
interaction  of  diphenylacetylene  with  W in  compound  15. 

The  bonding  of  the  acetylene  moiety  in  compound  15  is  similar  to  that  which  has 
been  observed  for  analogous  Mo-acetylene  complexes  that  have  been  prepared  in  our  lab. 
The  compounds  [Mo(NPh)(o-(Me3SiN)2C6H4)(MeC=CMe)]  and  [Mo(NPh)(o- 
(Me3SiN)2C6H4)(Me3SiCsCMe3Si)]  display  short  Mo-Cave  distances  of  2.054  and  2.078 
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A respectively.133  Also,  the  C-C  bond  distances  of  1.297  and  1.305  A for  the  Mo 
complexes  are  in  good  agreement  with  that  found  for  15  (1.332  A). 


Figure  4-5.  Molecular  structure  of  [W(NPh)(o-(Me3SiN)2C6H4)(PhCsCPh)]  (15). 
Thermal  ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have  been 
removed  for  clarity. 


Table  4-2.  Summary  of  bond  lengths  (A)  and  angles  (deg)  for  15. 


W-Nl 

1.756(2) 

N2-W-N3 

85.42(8) 

W-N2 

1.984(2) 

N2-W-C19 

103.19(9) 

W-N3 

2.0168(19) 

N3-W-C20 

94.05(9) 

W-C19 

2.054(3) 

Cl-W-Nl 

161.77(18) 

W-C20 

2.054(3) 

C20-C19-C21 

137.0(3) 

C19-C20 

1 .332(4) 

C19-C20-C27 

142.5(3) 
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Ligand  Fold  Angle 

Using  the  bonding  model  that  was  described  in  Chapter  3 provides  additional 
support  for  the  proposed  reduction  of  the  diphenylacetylene  ligand  in  compound  15.  In 
compound  15  an  angle  of  45°  is  formed  between  the  plane  defined  by  the  W and  two 
amide  N atoms  and  the  plane  defined  by  the  two  amide  N atoms  and  the  phenylene  ring 
(Figure  4-6).  We  suggested  that  the  folding  of  the  TMS2pda  ligand  in  this  and  other  d° 
tungsten  complexes  arises  because  of  n donation  from  the  amide  N atoms  to  the  LUMO 
(dxy)  on  the  W center.  In  order  to  maximize  the  overlap  of  the  N p„  and  the  W dxy  orbitals 
the  ligand  folds  along  the  N-N  vector.  The  structural  data  combined  with  the  1 3C  NMR 
spectrum  suggests  significant  back  bonding  from  the  metal  dxy  orbital  to  effectively 
reduce  the  diphenylacetylene  ligand.  Therefore,  the  diphenylacetylene  behaves  as  a 
dianionic  ligand  and  W(VI)  best  describes  the  oxidation  state  of  the  metal  in  compound 
15. 


Figure  4-6.  Pictorial  representation  of  the  ligand  fold  angle  for  15. 
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Hydrogenation  Reactions 

Preliminary  results  show  that  compound  15  is  active  towards  the  hydrogenation  of 
alkynes  and  olefins.  An  NMR  sample  (C6D6)  of  [W(NPh)(o- 

(Me3SiN)2C6H4)(PhC=CPh)]  (15)  after  standing  at  room  temperature  under  a positive 
pressure  of  H2  (34  psi)  for  1 0 hours  displayed  several  new  resonances.  Among  these  new 
resonances  were  peaks  between  4 and  5 ppm  consistent  with  a ^-coordinated  arene  group 
and  two  triplets  (2.0,  2.21  ppm,  bibenzyl  CH2  groups)  corresponding  to  the  W(IV)- 
bibenzyl  complex  [W(NPh)(o-(Me3SiN)2C6H4)(r|4-bibenzyl)  (16)  (Figure  4-7).  The 
proton  assignments  for  compound  16  were  made  by  comparison  with  the  analogous 

• 1 32 

Mo(IV)-bibenzyl  complex,  which  has  been  synthesized  and  fully  characterized. 
Unfortunately,  isolation  and  characterization  of  16  was  hindered  because  the  compound 
is  unstable  and  readily  decomposes. 


H2>  34  psi 
RT,  C6D6 


15 


Figure  4-7.  Synthesis  of  W(IV)-bibenzyl  complex  16. 

Catalytic  hydrogenation  of  diphenylacetylene  and  styrene  has  been  achieved  by 
exposing  C6D6  solutions  of  15  and  diphenylacetylene  or  styrene  to  1-2  atm  of  hydrogen. 
Catalytic  conversion  of  styrene  to  ethylbenzene  was  observed  at  room  temperature.  After 
only  30  min,  free  ethylbenzene  was  present  in  the  NMR  spectrum.  At  this  early  stage  of 
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the  reaction,  there  is  still  bibenzyl  complex,  16  present.  After  two  hours  compound  16 
had  disappeared  and  the  W(IV)-ethylbenzene  complex,  3 was  observed  in  the  H NMR 
spectrum  of  the  reaction  mixture.  We  believe  that  since  compound  3 is  a more  stable 
arene  complex  than  16,  once  a sufficient  amount  of  ethylbenzene  is  produced,  compound 
3 becomes  the  resting  state  of  the  catalyst. 

This  observation  is  not  surprising  considering  the  fact  that  W(NPh)[o- 
(Me3SiN)2C6H4](r|4-ethylbenzene)  (3)  has  shown  activity  towards  the  hydrogenation  of 
styrene,  Chapter  l.33  Under  1000  psi  of  hydrogen  (50°  C)  compound  3 hydrogenates 
styrene  at  a rate  of  40  turnovers  per  hour  with  total  turnover  numbers  greater  than  5000. 

In  the  presence  of  excess  diphenylacetylene,  compound  15  is  also  a catalyst  for 
the  catalytic  hydrogenation  of  diphenylacetylene  (RT,  34  psi  H2).  After  2 hours  the 
reaction  mixture  contained  free  bibenzyl  and  compound  16.  Over  extended  periods  of 
time  decomposition  products  were  also  observed  presumably  due  to  the  instability  of  16. 
Stilbene,  the  product  of  the  first  addition  of  H2  to  diphenylacetylene  was  never  observed, 
suggesting  that  the  addition  of  a second  equivalent  of  H2  is  rapid  in  comparison  to  the 
formation  of  stilbene. 

Synthesis  and  Characterization  of  W(IV)(butadiene)  Complexes 
In  continuation  of  our  investigation  of  the  reactivity  of  the  W(IV)L2  complexes 
with  unsaturated  substrates,  we  found  that  W-diene  complexes  could  be  isolated  from  the 
reaction  of  compound  8 with  butadienes.  An  equimolar  toluene  solution  of  W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2  (8)  and  2,3-dimethyl- 1, 3-butadiene  was  heated  at  60°  C for  20 
hrs,  during  which  time  the  solution  became  red-brown  in  color.  Removal  of  the  reaction 
solvent  followed  by  pentane  extraction  gave  the  2,3-dimethyl  butadiene  complex 
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W(NPh)[o-(Me3SiN)2C6H4][Ti4-(CH2=C(CH3)C(CH3)=CH2)]  (17)  as  an  air  and  moisture 
sensitive  dark  brown  solid  in  73  % yield  (Figure  4-8).  Under  significantly  less  forcing 
conditions  (room  temperature,  30  min),  a toluene  solution  of  W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2  (8),  when  exposed  to  a positive  pressure  of  1,3-butadiene 
rapidly  changes  color.  Removal  of  reaction  solvent  gave  W(NPh)[o-(Me3SiN)2C6H4](r|4- 
(CH2=CHCH=CH2)  (18)  in  93  % yield  (Figure  4-8).  Compound  18  is  significantly  less 
stable  than  17,  and  slowly  decomposes  at  room  temperature  whereas  17  only  decomposes 
at  elevated  temperatures. 


/ 


Me3Si 

L = C5H5N  (8) 


+ 


T oluene,  60° 
1 2 hrs. 


+ 


V/ 


Toluene,  RT 
30  min. 


L = C5H5N  (8) 


/ 

Me3Si 

18 


Figure  4-8.  Synthesis  of  W-(butadiene)  complexes  17  and  18. 


X-ray  Structural  Analysis  of  17 

An  X-ray  diffraction  analysis  was  performed  on  a single  crystal  of  W(NPh)[o- 
(Me3SiN)2C6H4][r(4-(CH2=C(CH3)C(CH3):=CH2)  (17),  grown  from  a concentrated 
pentane  solution  of  17,  which  was  left  undisturbed  at  -40°  C for  one  week.  A summary 
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of  selected  bond  lengths  and  angles  for  17  is  given  in  Table  4-3.  Compound  17  adopts  a 
distorted  square  pyramidal  geometry  about  the  W metal  center  with  the  imido  group 
occupying  the  apical  position  and  N2,  N3,  C19  and  C22  forming  the  basal  plane  (Figure 
4-9).  The  displacement  of  the  W atom  from  the  basal  plane  was  calculated  to  be  0.73  A. 
The  W-Nl (imido)  (1.755(3)  A),  W-N2(amido)  (2.040(3)  A)  and  W-N3(amido)  (2.045(3) 
A)  bond  distances  are  all  consistent  with  what  has  been  previously  observed  for  these 
types  of  bonds.61'63 

The  bond  distances  associated  with  the  butadiene  fragment  are  in  good  agreement 
for  what  has  been  determined  for  high-oxidation  state  group  4 and  5 butadiene 
complexes.58,59,108,1 10,134,135  Specifically,  the  terminal  C19-C20  (1.475(7)  A)  and  C21- 
C22  (1.472(7)  A)  bond  distances  are  significantly  longer  than  the  internal  C20-C21 
(1.375(7)  A)  distance  and  the  W-C19  and  W-C22  (2.183(5),  2.178(5)  A)  distances  are 
shorter  than  that  for  W-C20  and  W-C21  (2.460(4),  2.459(5)  A).  This  suggests  that  the 
interaction  of  the  butadiene  fragment  with  the  W center  is  strongly  distorted  towards  the 
<7271  bonding  extreme  for  butadiene-metal  complexes.  In  comparison  to  Cp2Zr(2,3- 
dimethylbutadiene),58  compound  17  displays  a greater  distortion  towards  this  bonding 
extreme.  The  difference  between  the  terminal  and  internal  C-C  bond  lengths  of  a 
coordinated  butadiene  is  commonly  used  as  a tool  to  compare  the  extent  of  butadiene 
bonding  in  complexes  with  different  metal  centers.  For  example,  in  17  the  difference 
between  the  C19-C20  or  C21-C22  bond  and  the  C20-C21  bond  is  0.1 0A  where  that 
measured  for  Cp2Zr(2,3-dimethylbutadiene)  is  0.08  A. 
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The  fold  angle  of  the  phenylene-diamine  ligand  for  compound  17  was  observed  to 
be  31°  as  described  in  Chapter  3.  This  angle  is  smaller  than  that  which  was  calculated  for 
the  acetylene  complex  15  (45°),  suggesting  a smaller  amount  of  W(VI)  character  in  17, 
but  it  is  significantly  larger  than  that  for  the  purely  W(IV)  complex  W(NPh)(o- 
(Me3SiN)2C6H4)(C6H7N)2  (9)  (5.3°).  The  difference  in  the  amount  of  W(VI)  character  in 
17  as  compared  to  15  is  also  evident  in  the  bond  lengths  of  the  butadiene  fragment,  which 
is  not  as  significantly  reduced  as  the  diphenylacetylene  fragment  in  15. 


C(19) 


C(20) 


Figure  4-9.  Molecular  structure  of  W(NPh)[o-(Me3SiN)2C6H4][r|4- 
(CH2=C(CH3)C(CH3)=CH2)  (17).  Thermal  ellipsoids  are  drawn  at  40  % probability  and 
the  hydrogen  atoms  have  been  removed  for  clarity. 
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Table  4-3.  Summary  of  selected  bond  lengths  (A)  and  angles  (deg)  for  17. 


W-Nl 

1.755(3) 

W-C22 

2.178(5) 

N2-W-C22 

89.31(18) 

W-N2 

2.040(3) 

C19-C20 

1.475(7) 

N3-W-C19 

88.61(17) 

W-N3 

2.045(3) 

C20-C21 

1.375(7) 

C19-W-C22 

76.2(2) 

W-C19 

2.183(5) 

C21-C22 

1.472(7) 

C21-C22-W 

82.3(3) 

W-C20 

2.460(4) 

Cl-Nl-W 

169.3(3) 

C20-C19-W 

82.1(3) 

W-C21 

2.459(5) 

N2-W-N3 

78.77(13) 

NMR  Spectroscopic  Analysis  of  17  and  18 

13C  and  'll  NMR  parameters  for  17  and  18  also  revealed  significant  a-bond 
character,  consistent  with  other  early-transition  metal-diene  complexes.  When  the  spectra 
of  CpTaCl2(C4H6),59  Cp2Zr(C4H6),58  Cp2Hf(C4H6),114  and  Fe(CO)3(C4H6)136  are 
compared,  the  magnitude  of  the  C-  H coupling  constants  for  the  terminal  carbons  of  the 
diene  ligand  increase  from  145  to  170  Hz  in  the  order  Hf  < Zr  < Ta  < Fe,  indicating  that 
the  <T-bond  character  decreases  in  this  order.  The  coupling  constants  of  143  and  149  Hz 
for  compounds  17  and  18  are  in  agreement  with  the  structural  results  for  17,  which 
suggest  considerable  a-bond  character  of  the  terminal  carbons.  'H  NMR  parameters  for 
these  compounds  also  support  the  proposed  structure.  It  has  been  observed  that  the 

3 • • i 58 

magnitude  of  the  vicinal  coupling  constant  ( Jh-h)  varies  by  changing  the  metal.  For 
early-transition  metal-butadiene  complexes,  the  vicinal  cis  coupling  constant  is  larger 
than  the  corresponding  trans  value.  The  order  is  reversed  for  late-transition  metal 
complexes.  For  the  W(  1,3 -butadiene)  complex  (18)  the  vicinal  coupling  constants  were 
determined  to  be  5.1  Hz  (cis)  and  1.8  Hz  (trans).  The  values  of  the  geminal  coupling 
constant  (Jh-hO  for  17  (8.5  Hz)  for  the  terminal  CH2  is  between  that  determined  for 


62 


CpTaCl2(C4H6)  (6.5  Hz)  and  Cp2Zr(C4H6)  (10  Hz)  and  considerably  larger  than  that  for 
Fe(CO)3(C4H6)  (2.4  Hz). 

Description  of  Fluxionality 

Early-transition  metal-diene  complexes  often  display  fluxional  behavior  in 
solution.  An  envelope  flipping  mechanism  which  proceeds  through  a planar 
metallacyclopentene  transition  state  has  been  proposed  to  rationalize  this  behavior 
(Figure  4-10). 58,59,1 10  W-(diene)  complexes  17  and  18  also  exhibit  dynamic  behavior  in 
solution  as  revealed  by  NMR  spectroscopy. 


Figure  4-10.  Envelope  flipping  mechanism  for  M-(butadiene)  fluxionality. 

Inspection  of  the  room  temperature  'H  NMR  spectrum  of  W(NPh)[o- 
(Me3SiN)2C6H4](r|4-(CH2=CHCH=CH2)  (18)  and  comparison  to  the  structure  of 
W(NPh)[o-(Me3SiN)2C6H4][Ti4-(CH2=C(CH3)C(CH3)=CH2)  (17)  as  determined  in  the 
solid  state  (Figure  4-9)  necessitates  that  some  fluxional  process  be  invoked  to  rationalize 
the  observed  spectroscopic  properties.  The  room  temperature  'H  NMR  spectrum  (C6D6) 
of  18  is  shown  in  Figure  4-11.  Besides  the  expected  pattern  for  the  imido  and  diamide 
aromatic  protons,  downfield,  and  the  Me3Si  singlet  at  0.37  ppm,  the  spectrum  only 
contains  one  resonance,  which  is  assigned  to  the  butadiene  (3-CH  protons  (m,  4.59  ppm). 
The  resonances  corresponding  to  the  (X-CH2  protons  are  broadened  into  the  baseline  (1.3- 
1.9  ppm).  This  determination  was  made  using  a ’H  COSY  correlation  experiment 
(Figure  4-11).  Assuming  a solid-state  structure  similar  to  that  for  compound  17  and  no 
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fluxional  processes  are  active,  the  spectrum  should  contain  two  multiplets  for  the  (X-CH2 
protons  (Hanti  and  Hsyn),  in  addition  to  the  multiplet  for  the  P-CH  protons.  For  the  W- 
(2,3-dimethylbutadiene)  complex,  17  the  expected  pattern  of  two  doublets  for  the  (X-CH2 
protons  (Hanti  and  Hsyn)  are  observed  in  addition  to  a singlet  resonance  for  the  CH3 
protons  of  the  butadiene  (Figure  4-12).  These  observations  suggest  that  in  solution  at 
room  temperature  compound  18  is  fluxional  and  17  adopts  the  solid-state  conformation. 

Based  on  the  results  of  several  'H  NMR  experiments,  including  those  that  have 
already  been  mentioned  and  those  presented  in  the  following  discussion,  it  was 
determined  that  a single  fluxional  process  was  insufficient  in  describing  the  room 
temperature  behavior  of  18.  Instead  we  propose  that  envelope  flipping  and  diene 
rotation  act  in  conjunction  to  produce  the  observed  spectroscopic  properties. 

At  -90°  C the  'H  NMR  spectrum  of  18  displays  two  broad  resonances,  each 
integrating  to  two  protons  (1.0,  2.43  ppm),  which  correspond  to  the  (X-CH2  protons  (Hanti 
and  Hsyn)  of  the  butadiene  (Figure  4-13).  The  fact  that  at  this  temperature  the  syn  and 
anti  protons  are  inequivalent,  but  the  corresponding  resonances  are  still  broadened 
suggests  that  the  overall  dynamic  behavior  of  the  molecule  cannot  be  adequately 
explained  by  invoking  only  the  envelope  flip  mechanism  that  is  typical  for  early  metal 
diene  complexes. 
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Figure  4-11.  Room  temperature  'H  NMR  and  *H  COSY  spectra  of  compound  18. 


ppm 
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Figure  4-12.  Room  temperature  and  50°  C 'H  NMR  spectra  of  compound  17. 
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Figure  4-13.  Variable  temperature  !H  NMR  spectra  of  compound  18. 
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Figure  4-14.  Envelope  flipping  mechanism  to  rationalize  the  fluxionality  of  18  at  low 
temperature. 

Even  though  the  envelope  flip  mechanism  does  not  completely  explain  the 
fluxional  behavior  of  18,  we  propose  that  this  mechanism  is  one  component  of  the 

observed  fluxionality.  At  -90°  C,  the  presence  of  two  broad  resonances  for  the  (X-CH2 
protons  can  be  rationalized  by  invoking  an  envelope  flip  mechanism  (Figure  4-14).  This 
mechanism  changes  the  proton  environments  of  Hsyn  (Ha)  and  Hanti  (Hb).  However,  since 
there  is  no  symmetry  element,  which  equilibrates  the  Ha  and  Hb  protons  in  the  two 
conformations  (A  and  B,  Figure  4-14),  two  resonances  are  observed.  This  inequivalence 
is  a result  of  the  molecule  possessing  two  distinct  faces,  one  on  the  side  of  the  imido  and 
the  other  opposite  the  imido  group.  As  shown  in  Figure  4-14,  in  both  conformation  A 
and  conformation  B,  Hb  is  on  the  imido  face  of  the  molecule  and  Ha  is  on  the  side  trans 
to  the  imido  group.  Therefore,  the  observed  spectrum  at  -90°  C is  an  average  of 
conformations  A and  B,  resulting  in  a broadening  of  the  0C-CH2  resonances. 
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At  room  temperature  the  0C-CH2  resonances  are  broadened  into  the  baseline  of  the 
'H  NMR  spectrum  suggesting  that  all  of  these  protons  are  being  exchanged  slowly  on  the 
NMR  timescale.  As  a result,  at  the  high  temperature  limit  (rapid  exchange  on  the  NMR 
timescale)  only  a single  resonance  (4  protons)  should  be  present  for  the  CH2  protons. 
Analysis  of  this  limit  was  hindered  by  the  stability  of  the  complex.  At  room  temperature 
and  above,  compound  18  decomposes;  therefore,  elevated  temperature  NMR  experiments 
were  inconclusive. 


Figure  4-15.  Butadiene  rotation  mechanism  for  18. 


As  stated  above,  there  is  not  a symmetry  element  present  which  equilibrates  the 
Hsyn  and  Hantj  protons  through  an  envelope  flipping  mechanism.  Therefore,  another 
process  must  be  active  which  equilibrates  the  protons  on  opposite  faces  of  the  molecule  at 
room  temperature.  We  propose  that  the  simplest  process,  which  accounts  for  the 
equilibration  of  these  protons,  is  diene  rotation  (Figure  4-15).  In  the  fast-exchange  limit 
(not  observed  due  to  complex  decomposition),  diene  rotation  equilibrates  all  four  a-Cfh 
protons.  Specifically,  through  rotation  from  conformation  A to  B (Figure  4-15),  Hup  (Hb) 
on  one  terminal  butadiene  carbon  is  exchanged  with  Hdown  (Ha’)  of  the  other  terminal 
carbon  and  Hdown  (Hb’)  is  exchanged  with  Hup  (Ha)  of  the  other  terminal  carbon.  If  the 
high  temperature  limited  could  be  attained,  this  process  would  be  fast  on  the  NMR 
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timescale  and  all  four  CH2  protons  would  be  equivalent  and  resonate  as  a single  peak. 
Therefore,  to  explain  the  observed  spectroscopic  properties,  we  propose  that  at  or  below 
-90°  C only  the  envelope  flipping  mechanism  is  active  and  above  this  temperature  both 
fluxional  processes  are  active. 

The  2,3-dimethylbutadiene  complex  17  displays  no  fluxionality  at  room 
temperature  and  the  *H  NMR  spectrum  is  consistent  with  the  solid-state  structure.  At 
elevated  temperature  (50°  C)  the  'H  NMR  spectrum  of  17  displays  broad  resonances  for 
the  0C-CH2  protons  similar  to  that  observed  for  compound  18  at  -90°  C and  consistent  with 
the  envelope  flipping  mechanism  (Figure  4-12).  Compound  17  begins  to  decompose  at 
temperatures  above  50°  C,  therefore,  the  temperature  at  which  the  diene  rotation 
mechanism  becomes  active  was  not  determined.  This  drastic  difference  in  the  activation 
energy  associated  with  the  diene  fluxionality  in  compounds  17  and  18  was  surprising 
considering  the  only  difference  between  these  complexes  is  the  substituants  at  the  2 and  3 
positions  of  the  butadiene  (CH3  (17),  H (18)). 

Acetone  Insertion 

Butadiene  complexes  of  early-transition  metals  are  known  to  offer  enhanced 
reactivity,  reflecting  their  polar  metal-carbon  bonds  and  therefore  have  found  interesting 
applications  in  organic  synthesis.  One  area  of  interest  lies  in  the  regioselective  insertion 
of  unsaturated  compounds  such  as  carbonyls  to  give  functionalized  metallacyclic  species, 
where  the  metallacycle  has  been  expanded  to  a seven-membered  ring.111-114’117’118’137'139 
Since  X-ray  structural  analysis  has  shown  that  the  W-2,3-dimethylbutadiene  complex  17 
exhibits  substantial  alkyl-metal  character,  it  was  tempting  to  consider  the  coupling  of  2,3- 
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dimethylbutadiene  with  ketones  at  the  W(NPh)[o-(Me3SiN)2C6H4]  fragment  as  being  a 
further  example  of  this  type  of  chemistry. 

When  one  equivalent  of  acetone  was  added  to  a toluene  solution  of  W(NPh)[o- 
(Me3SiN)2C6H4][r]4-(CH2=C(CH3)C(CH3)=CH2)  (17)  at  room  temperature,  a slow  color 
change  from  brown  to  red  was  observed.  After  stirring  at  ambient  temperature  for  5 
hours  the  reaction  solvent  was  removed  and  the  resulting  red-brown  solid  was  washed 
with  several  portions  of  cold  (0°  C)  pentane.  Subsequent  drying  of  the  remaining  solid  in 
vacuo  gave  the  1 : 1 addition  product  W[OC(CH3)2CH2C(CH3)C(CH3)CH2](NPh)[o- 
(Me3SiN)2C6H4]  (19)  (Figure  4-16). 


Figure  4-16.  Synthesis  of  compound  19. 


An  X-ray  diffraction  analysis  was  performed  on  a single  crystal  of 
W[OC(CH3)2CH2C(CH3)C(CH3)CH2](NPh)[o-(Me3SiN)2C6H4]  (19),  grown  from  a 
concentrated  pentane  solution  of  19,  which  was  left  undisturbed  at  -40°  C for  one  week. 
A summary  of  selected  bond  lengths  and  angles  for  19  are  presented  in  Table  4-4. 
Compound  19  adopts  a distorted  square  pyramidal  geometry  about  the  W metal  center 
with  the  imido  group  occupying  the  apical  position  and  N2,  N3,  C19  and  01  forming  the 
basal  plane  (Figure  4-17).  The  W atom  is  displaced  0.60  A above  the  basal  plane.  The 
W-Nl (imido)  (1.744(3)  A),  W-N2(amido)  (2.034(3)  A)  and  W-N3(amido)  (2.030(3)  A) 
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bond  distances  are  all  consistent  with  what  has  been  previously  observed  for  W(VI) 

61-63 

complexes.  ' Compound  19  exhibits  an  envelope-shaped  core  of  atoms  that  is  typical 
for  many  early-transition  metal  seven-membered  ring  systems.117,140  To  a first 
approximation,  the  atoms  Cl 9,  W,  01,  C23,  C22  are  almost  coplanarly  arranged.  A 
second  plane  is  comprised  of  the  atoms  Cl  9,  C20,  C21,  C22,  which  originate  from  the 
butadiene  building  block.  These  two  planes  are  arranged  relative  to  each  other  at  an 
angle  of  ca.  50°.  The  bond  lengths  of  the  metallacyclic  framework  of  complex  19  are 
within  the  expected  ranges  (Table  4-4). 

The  room  temperature  ’H  NMR  spectrum  of  19  is  consistent  with  the  solid-state 
structure.  In  addition  to  the  expected  resonances  for  the  diamide  and  imido  aromatic 
protons  (downfield),  two  singlet  resonances  are  observed  (0.48  and  0.38  ppm),  which 
correspond  to  the  inequivalent  Me3Si  groups.  The  ring  protons  of  the  seven-membered 
oxametallacycloheptane  fragment  appear  as  four  doublets  at  1.24  and  1.83  ppm  (y-Cfy 
and  2.54  and  3.02  ppm  (0C-CH2).  Four  singlet  resonances,  two  for  the  butadiene  CH3 
protons  (1.19,  1.28  ppm)  and  two  corresponding  to  the  acetone  CH3  protons  (1.59,  1.67 
ppm)  complete  the  spectral  assignment. 

Reaction  of  the  1,3-butadiene  complex,  W(NPh)[o-(Me3SiN)2C6H4](r|4- 
(CH2=CHCH=CH2)  (18)  with  acetone  under  similar  conditions  led  to  the  formation  of  a 
complex  mixture  of  products  that  has  not  been  fully  characterized.  The  observed 
difference  in  reactivity  of  17  and  18  with  acetone  was  not  completely  unexpected.  As 
was  explained  earlier,  these  complexes  displayed  very  different  properties  in  solution  that 
could  in  part  account  for  the  dissimilar  results  observed  in  the  reaction  with  acetone. 
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Currently  we  are  working  to  determine  the  exact  cause  of  this  difference  as  well  as 
expanding  this  chemistry  to  include  other  carbonyl  compounds. 


QnC<27> 


II 


C(23) 


C(22) 


C(21) 


C(25) 


Figure  4-17.  Molecular  structure  of  W[OC(CH3)2CH2C(CH3)C(CH3)CH2](NPh)[o- 
(Me3SiN)2C6H4]  (19).  Thermal  ellipsoids  are  drawn  at  40  % probability  and  the 
hydrogen  atoms  have  been  removed  for  clarity. 

Table  4-4.  Summary  of  bond  lengths  (A)  and  angles  (deg)  for  19. 


W-Nl 

1.744(3) 

01-C23 

1.431(5) 

W-N1-C1 

169.0(3) 

W-N2 

2.034(3) 

C19-C20 

1.502(6) 

N2-W-N3 

78.68(12) 

W-N3 

2.030(3) 

C20-C21 

1.336(7) 

01-W-C19 

86.72(15) 

W-Ol 

1.895(3) 

C21-C22 

1.510(8) 

W-01-C23 

140.9(3) 

W-C19 

2.160(4) 

C22-C23 

1.536(8) 

W-C19-C20 

100.8(3) 
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Reactions  of  W(IV)L2  with  Olefins 

Based  on  the  reactivity  of  the  W(IV)L2  complexes  with  acetylene  and  butadiene, 
we  became  interested  in  the  chemistry  of  these  complexes  in  the  presence  of  olefins. 
When  a Young’s  ampoule  containing  a toluene  solution  of  either  W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2  (8)  or  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2  (9)  was  exposed  to 
a positive  pressure  of  ethylene,  an  immediate  color  change  from  purple  to  orange-brown 
was  observed.  Upon  mixing  for  30  minutes,  the  solution  became  yellow  brown  in  color. 
Removal  of  the  reaction  solvent  followed  by  pentane  extraction  gave  the 
metallacyclopentane  complex  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  as  a 
yellow-brown  solid  in  70%  yield  (Figure  4-18).  Compound  20  has  been  previously 
prepared  and  characterized  in  our  lab  using  several  other  synthetic  schemes.32 


Me3Si 


L = C5H5N  (8), 
C6H7N  (9) 


Toluene,  RT 


30  min 


Figure  4-18.  Synthesis  of  W-metallacyclopentane. 


The  oxidative  coupling  reaction  of  ethylene  with  the  W(IV)L2  described  above  is 


not  substrate  selective.  Analogous  reactions  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
with  other  olefinic  substrates  (propylene,  1 -butene,  1 -pentene,  1 -hexene,  styrene, 
cyclohexene)  yielded  metallacyclic  species.  Full  characterization  of  the  products  from 
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these  reactions  was  hindered  by  the  complexity  of  the  room  temperature  1 H NMR 
spectra.  For  compound  20  all  of  the  metallacycle  substituants  are  hydrogens,  therefore, 
the  'H  NMR  spectrum  is  relatively  simple.  When  other  substituents  are  introduced  the 
number  of  possible  products  is  increased.  Based  on  the  orientation  of  the  incoming 
olefins,  a-a,  a~P  and  p~p  substitution  patterns  are  possible  for  the  product  metallacycle 
(Figure  4-19).  Due  to  the  square  pyramidal  geometry  of  the  metallacyclopentane 
complexes  the  substituants  on  the  top  face  of  the  metallacycle  are  inequivalent  to  those 
on  the  opposite  face.  This  serves  to  increase  the  complexity  of  the  product  mixture 
because  the  R groups  can  orient  themselves  either  syn  or  anti  to  the  imido  group. 


a-a 

a~P 

P-P 

(1^1 

ff^l 

kj 

Me3Sis 


Me3Si 


Me,Si 


Figure  4-19.  Possible  products  of  oxidative  coupling  for  olefins  other  than  ethylene. 


Mechanism  for  Oxidative  Coupling 

Initial  Olefin  Coordination 

To  generate  a plausible  mechanism  for  the  observed  oxidative  coupling  of  alkenes 
by  the  W(IV)L2  complexes  we  must  first  revisit  the  substitution  chemistry  presented  in 
Chapter  3.  It  was  found  that  the  W(IV)L2  complexes  8 and  9 rapidly  incorporate  an 
additional  ligand  to  generate  six  coordinate  octahedral  complexes.  With  this  knowledge 
in  hand,  it  was  proposed  that  the  initial  step  in  the  oxidative  coupling  reactions  involves 
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coordination  of  alkene  to  yield  an  octahedral  complex  similar  to  the  complexes 
[W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  and  [W(NPh)(o- 
(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b).  To  test  this  theory  we  undertook  the  task  of 
synthesizing  a W(IV)L2(olefin)  complex. 

Due  to  the  greater  donor  ability  of  4-picoline  with  respect  to  pyridine  the  rate  of 
the  oxidative  coupling  reaction  is  slower  for  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2  (9). 
This  is  expressed  in  the  way  of  slightly  longer  reaction  times  for  the  formation  of 
metallacycles  from  compound  9 as  compared  to  8.  Therefore,  it  was  proposed  that  an 
octahedral  olefin  complex  generated  from  compound  9 would  be  longer  lived  than  the 
analogous  complex  generated  from  8 which  could  possibly  allow  its  characterization.  In 
a Young’s  ampoule  compound  9 was  dissolved  in  toluene  and  cooled  to  -78°  C.  The 
solution  was  exposed  to  a positive  pressure  of  ethylene  and  an  immediate  color  change 
was  observed.  Evacuation  of  the  ampoule  to  remove  the  excess  ethylene,  followed  by 
solvent  removal  allowed  the  isolation  of  the  six-coordinate  olefin  complex  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2(Ti2-ethylene)]  (21)  (Figure  4-20). 


l = c6h7n  (9) 


21 


Figure  4-20.  Synthesis  of  W(IV)L2(ethylene)  complex  21. 
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Figure  4-21.  Room  temperature  *H  NMR  spectrum  of  compound  21. 
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The  room  temperature  'H  NMR  spectrum  of  21  displays  two  resonances  (0.34, 
0.35  ppm)  corresponding  to  inequivalent  SiMe3  groups,  consistent  with  the  NSiMe3 
groups  being  cis  and  trans  to  the  imido  ligand,  and  a singlet  resonance  (1 .50  ppm)  for  the 
para- methyl  groups  of  the  4-picoline  ligands.  The  picoline  met  a and  ortho  protons 
resonate  as  doublets  at  6.26  and  8.89  ppm  respectively  (Figure  4-21).  This  pattern  of 
resonances  for  the  4-picoline  and  NSiMe3  groups  are  consistent  with  that  observed  for 
[W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)]  (12b)  and  places  the  ethylene  group  trans  to 
amide.  Consistent  with  a rapidly  rotating  ethylene  group,  the  ethylene  protons  resonate 
as  a singlet  at  3.10  ppm.  In  the  13C  NMR  spectrum  the  ethylene  group  resonates  at  61.32 
ppm. 

Analogous  reactions  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2  (9)  with  other 
olefins  (propylene,  1 -butene,  1-pentene,  1 -hexene,  styrene,  cyclohexene)  gave  'H  NMR 
spectra  with  similar  resonances  for  4-picoline  and  the  Me3Si  groups  as  that  observed  for 
12b  and  21.  Although  none  of  these  complexes  were  successfully  isolated,  the  spectral 
data  supports  initial  coordination  of  these  olefins,  giving  six-coordinate  complexes 
similar  to  21,  prior  to  oxidative  coupling  with  another  molecule  of  olefin. 

Ligand  Displacement  and  Oxidative  Coupling 

As  was  the  case  for  the  proposed  first  step  in  the  oxidative  coupling  reaction 

(olefin  coordination),  it  is  useful  to  revisit  the  ligand  substitution  chemistry  of 
compounds  8 and  9 in  order  to  understand  the  remainder  of  the  coupling  mechanism.  It 
was  observed  that  one  of  the  pyridine  or  4-picoline  ligands  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  or  [W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)] 
(12b)  could  be  readily  displaced  by  another  donor  ligand  such  as  PMe3,  suggesting 
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lability  of  these  ligands  in  the  six-coordinate  complexes.  Since  the  six-coordinate  olefin 
complexes  are  coordinatively  saturated,  this  lability  is  necessary  in  order  to  incorporate 
another  olefin  molecule  into  the  coordination  sphere  to  allow  for  oxidative  coupling.  In 
addition,  through  the  reaction  of  the  W(IV)L2  complexes  with  two  equivalents  of  PMe3, 
we  have  demonstrated  that  the  addition  of  two  ligands  to  compounds  8 or  9 is  possible 
and  that  the  new  ligands  adopt  a cis  orientation.  This  is  in  agreement  with  the  oxidative 
coupling  of  olefins,  which  requires  a cis  orientation  of  the  olefin  molecules  to  facilitate 
this  reaction.3  Based  on  these  observations,  we  propose  that  the  oxidative  coupling  of 
olefin  with  the  W(IV)L2  complexes  follows  a mechanism  similar  to  that  shown  in  Figure 
4-22. 


/ 


Me3Si 

L = C5H5N  (8), 
C6H7N  (9) 


L = C6H7N  (21) 


Figure  4-22.  Proposed  mechanism  for  the  oxidative  coupling  of  olefins. 
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Conclusions 

The  ligand  substitution  reactivity  presented  in  Chapter  3 prompted  us  to  examine 
the  reactivity  of  the  W(IV)L2  complexes  with  unsaturated  substrates.  In  this  chapter  the 
reactions  of  the  complexes,  W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2  (8)  and  W(NPh)(o- 
(Me3SiN)2C6H4)(C6H7N)2  (9)  with  diphenylacetylene,  butadienes  and  olefins  was 
discussed.  For  the  reaction  with  diphenylacetylene  and  butadienes,  the  monomeric 
acetylene  [W(NPh)(o-(Me3SiN)2C6H4)(PW>CPh)]  (15)  and  butadiene  W(NPh)[o- 
(Me3SiN)2C6H4][ri4-(CH2=C(CH3)C(CH3)=CH2)  (17)  and  W(NPh)[o- 
(Me3SiN)2C6H4](r|4-(CH2=CHCH=CH2)  (18)  complexes  were  isolated.  Structural  and 
spectroscopic  studies  revealed  that  the  unsaturated  ligands  in  these  complexes  were 
reduced  upon  coordination  to  the  metal  center.  The  reduction  of  the  incoming  ligands 
was  also  evident  in  the  fold  angle  of  the  diamide  ligand,  which  was  significantly  larger 
(30-45°)  than  that  for  the  W(IV)L2  compound  (9)  (5.3°)  suggesting  the  oxidation  state  of 
the  W center  in  compounds  15, 17  and  18  is  best  described  as  W(VI).  In  regard  to  the 
subsequent  chemistry  of  these  complexes,  we  have  only  scratched  the  surface  and  believe 
that  the  chemistry  of  these  complexes  will  be  very  rich.  With  olefins,  compounds  8 and  9 
facilitate  the  oxidative  coupling  of  two  olefin  molecules  to  generate  metallacyclopentane 
complexes,  of  which  the  most  basic  derivative,  compound  20  was  isolated  and  fully 
characterized.  The  overall  reactivity  discussed  in  this  chapter  not  only  demonstrates  the 
reactive  nature  of  the  W(IV)L2  complexes,  but  also  the  propensity  of  these  complexes  to 
reduce  incoming  substrates  whereby  generating  W(VI)  metal  complexes.  The  following 
chapters  discuss  chemistry  that  was  developed  using  the  knowledge  gained  from  the 
experiments  presented  here  and  in  Chapter  3. 


CHAPTER  5 

CARBON-SULFUR  BOND  ACTIVATION  OF  THIOPHENES  BY  W(NPh)[o- 

(Me3SiN)2C6H4](PYRIDINE)2 

Introduction 

Hydrodesulfurization  (HDS),  the  process  by  which  sulfur  is  removed  from 
petroleum  feedstocks,  represents  one  of  the  largest-scale  industrial  processes  that  utilizes 
transition  metal  catalysts.  This  process  is  of  prime  importance  to  the  petroleum  industry 
because  of  the  growing  need  to  process  feedstocks  of  high  sulfur  content  (1-4%)  with  the 
aim  of  producing  fuels  with  the  smallest  possible  sulfur  content.  The  presence  of  sulfur 
in  petroleum  feedstocks  causes  two  major  problems,  first,  sulfur  containing  compounds 
can  contaminate  precious  metal  catalysts  used  later  in  the  refining  process  and  secondly, 
the  combustion  of  fuels  containing  sulfur  generates  hazardous  emissions.  On  an 
industrial  scale,  the  HDS  process  involves  treatment  of  crude  oil  with  a high  pressure  of 
hydrogen  gas  (up  to  200  atm)  in  the  presence  of  an  alumina-supported  catalyst,  typically 
Mo/Co,  at  elevated  temperatures  (300-450°  C),  Figure  5.1. 141-145 

catalyst,  300-450°  C 

"R-S"  + H2 ►R-H  + H2S 

H2,  200  atm 

Catalyst  = MoS2  and  Co9S8 

Figure  5.1.  Industrial  process  for  the  hydrdesulfurization  of  petroleum  feedstocks. 
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Of  the  sulfur  containing  impurities  present  in  petroleum  feedstocks,  thiophene, 
benzothiophene,  dibenzothiophene  and  their  derivatives  are  among  the  most  difficult 
compounds  to  desulfurize.  To  improve  the  efficiency  of  the  HDS  process,  a better 
understanding  of  the  interaction  of  thiophenes  with  transition  metal  complexes  is 
necessary.  As  a result,  homogeneous  modeling  of  HDS  has  become  an  active  area  of 
research,  especially  during  the  past  decade.144 


r|4-bound  r|4,S-p2-bound  r)4,S-p3-bound 


Figure  5-2.  Coordination  modes  of  thiophenes. 

Many  research  groups  have  studied  the  coordination  and  activation  of  thiophenes 
by  transition  metals,  which  are  believed  to  be  the  initial  steps  in  the  HDS  process.  A 
significant  number  of  thiophene  complexes  have  been  prepared  and  studied  where 

1 ^ i r 

thiophene  is  coordinated  in  a variety  of  modes,  including  r\  (S)-coordinated,  r|  , t|  and  p 
(Figure  5-2). 145-148  In  addition,  several  metal  complexes  have  been  found  to  promote 
direct  C-S  bond  activation  of  thiophenes.149  These  studies,  however,  have  focused  on 
complexes  of  Mn,  Fe,  Co,  Ni,  Rh,  Ru  and  Ir.  From  these  studies  have  come  significant 
advances  in  the  modeling  of  HDS.  For  example,  Bianchini150  reported  the  first  example 
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of  catalytic  HDS  of  dibenzothiophene  (DBT)  in  the  homogeneous  phase.  This  report 
described  the  C-S  bond  activation  of  DBT  by  the  (triphos)IrH  fragment  to  give 
(triphos)IrH(r|  -C,S-DBT).  By  treating  this  complex  with  H2,  Bianchini  was  able  to 
facilitate  the  HDS  of  dibenzothiophene  to  yield  2-phenylthiophenol,  biphenyl  and  H2S. 
Surprisingly,  thiophene  complexes  of  Group  6 metals  (Mo  and  W),  an  integral 
component  of  an  industrial  HDS  catalysts,  have  been  almost  nonexistent. 

Low  valent  Mo  and  W-DBT  complexes  have  been  prepared  through  the 
photolysis  of  Mo(CO)6  or  W(CO)6  in  the  presence  of  DBT.  However,  Parkin’s151  recent 
report  of  thiophene  and  benzothiophene  C-S  bond  activation  by  the  molybdocene 
complexes  [Me2Si(CsMe4)2]MoH2  and  [Me2Si(CsMe4)2]Mo(Ph)H  (Figure  5-3), 
represents  the  first  homogeneous  example  of  such  chemistry  with  molybdenum.  The 
analogous  CP2WH2  system  has  also  been  shown  to  facilitate  the  C-S  bond  activation  of 
thiophene  (Figure  5-3).  Unfortunately  these  complexes  also  facilitate  C-H  bond 
activation  of  thiophenes  as  a competing  process  in  these  reactions. 


Figure  5-3.  Tungsten  and  molybdenum  promoted  C-S  bond  activation. 
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In  Chapter  3,  the  preparation  of  the  coordinatively  unsaturated  W(NPh)[o- 
(Me3SiN)2C6H4]L2  (L  = pyridine  (8),  4-picoline  (9)  or  quinoline  (10))  complexes  was 
presented.76  Subsequent  investigation  of  ligand  substitution  chemistry  of  the  W(IV)L2 
complexes  with  unsaturated  substrates  (Chapter  4)  has  demonstrated  the  propensity  of  the 
W metal  center  to  reduce  the  unsaturated  ligand  upon  coordination,  thereby  increasing 
the  W(VI)  character  of  the  resulting  compounds.  The  oxidative  coupling  of  olefins  to 
give  W(VI)-metallacyclopentane  complexes  also  demonstrates  the  ability  of  the  W(IV) 
metal  center  to  reduce  unsaturated  substrates.  These  results  have  prompted  us  to  examine 
the  activity  of  these  W(IV)L2  complexes  towards  substrate  oxidative  addition,  more 
specifically  the  activation  of  the  C-S  bonds  of  thiophene  and  its  derivatives. 

C-S  Bond  Activation  Reactions 

Thiophene  C-S  Activation 

Thermolysis  (65°  C,  8-12  hrs.)  of  a toluene  solution  containing  [W(NPh)(o- 
(Me3SiN)2C6H4)(CsH5N)2]  (8)  and  2 equivalents  of  thiophene  afforded  the  carbon-sulfur 
bond  activation  product  [(o-(Me3SiN)2C6H4)(NPh)W(SC4H4)]  (22)  in  ca.  60%  yield  as  a 
dark  red  solid  (Figure  5-4).  Isolation  of  a pure  sample  of  compound  22  was 
accomplished  through  pentane  extraction  of  the  crude  reaction  mixture.  Significantly 
decreased  reaction  times  (3-4  hrs.)  and  increased  yields  (85%)  have  been  observed  for 
this  reaction  when  the  molar  amount  of  thiophene  was  increased  from  2 to  1 0 
equivalents. 
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/ 


Me3Si 

L = C5H5N  (8) 

Figure  5-4.  Synthesis  of  22  through  C-S  bond  activation. 


Characterization  of  the  reaction  product  by  H NMR  spectroscopy  was 
straightforward  due  to  the  distinct  resonances  and  coupling  constants  associated  with  the 
metallathiacycle  ring  protons.  The  room  temperature  *H  NMR  spectrum  of  22  displays 
two  resonances  (0.39  and  0.50  ppm),  which  correspond  to  the  inequivalent  Me3Si  groups. 
The  metallathiacycle  protons  (positions  are  labeled  in  Figures  5-4  and  5-5)  are  shifted 
downfield  with  respect  to  free  thiophene  and  appear  as  a doublet  of  doublets  (6.70  ppm, 
3Jh-h  = 7 and  9 Hz)  corresponding  to  the  P-CH  proton,  a doublet  (8.01  ppm,  3JH-h  = 9 Hz) 
for  the  a-CH  proton,  a doublet  of  doublets  (8.20  ppm,  3JH-h  = 13  and  7 Hz)  for  the  y-CH 
proton,  and  a doublet  (9.00  ppm,  3Jh-h  - 13  Hz)  for  the  P-CH  proton  adjacent  to  the  S 
atom  (Figure  5-5).  The  observed  downfield  shift  of  the  metallathiacycle  protons  for 
compound  22  contrasts  the  reported  upfield  shift  with  respect  to  free  thiophene  found  for 
the  complex  (C5H5)2W(SC4H4).152  This  is  presumably  due  to  the  increased  electron 
deficiency  of  the  d°  W(VI)  center  in  compound  22  relative  to  the  d2  metal  center  of  the 
Cp2W(IV)  system. 

An  X-ray  diffraction  study  of  a single  crystal  of  22  grown  from  a concentrated 
pentane  solution  at  -40°  C confirmed  the  nature  of  C-S  bond  activation  product.  Due  to 
disorder  in  the  S 1 and  C22,  the  positions  of  the  metallathiacycle  atoms  were  solved 
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independently  in  two  parts.  A molecular  drawing  of  22  with  the  atom-labeling  scheme  is 
shown  in  Figure  5-6.  Compound  22  adopts  a five-coordinate,  distorted  square  pyramidal 
geometry  with  the  imido  ligand  occupying  the  apical  position.  The  short  W-N(imido) 
bond  length  of  1.734(3)  A,  consistent  with  a W-N  triple  bond  and  the  W-N(amido)  bond 
lengths  of  2.016(3)  and  2.008(3)  A are  similar  to  that  observed  for  other  W(VI) 
complexes.31  Consistent  with  a W(VI)  metal  center,  the  diamide  fold  angle  of  22  was 
observed  to  be  42°.  Bonding  within  the  metallathiacycle  fragment  appears  to  be  localized 
as  demonstrated  by  the  alternating  (short  (C19-C20  1.192(16)  A)-long  (C20-C21, 
1.600(16)  A)-short  (C21-C22  1.289(14)  A))  C-C  bond  lengths  of  the  butadiene  portion  of 
the  metallathiacycle  (Figure  5-6). 


C(20> 


Figure  5-6.  Molecular  structure  of  [(o-(Me3SiN)2C6H4)(NPh)W(SC4H4)]  (22).  Thermal 
ellipsoids  are  drawn  at  40  % probability  and  the  hydrogen  atoms  have  been  removed  for 
clarity. 
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Figure  5-5.  'H  NMR  spectrum  of  [(o-(Me3SiN)2C6H4)(NPh)W(SC4H4)]  (22) 
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The  metallathiacycle  six-membered  ring  of  [(o-(Me3SiN)2C6H4)(NPh)W(SC4H4)] 
(22)  is  puckered  slightly.  The  angle  between  the  plane  formed  by  W-S 1 -C22  and  that 
formed  by  S1-C19-C20-C21-C22  was  calculated  to  be  23.4°.  This  puckering  of  the 
metallathiacycle  is  comparable  to  the  angles  reported  for  (CsH5)2W(SC4H4)  (23°)152  and 
(C5Me5)Rh(PMe3)(SC4H4)  (26°). 153,154  The  observed  nonplanarity  of  the  metallathiacycle 
in  22  and  the  W and  Rh  complexes  mentioned  above  is  in  agreement  with  the  observed 
alternating  bond  lengths  in  the  butadiene  portion  of  the  metallathiacycle.  The  localized 
nature  of  the  bonding  in  the  metallathiacycle  of  22  differs  from  that  found  for 
(C5Me5)Ir(SC6H8)  and  [(triphos)Ir(SC4H4)]+,  in  which  the  bonding  is  believed  to  be 
delocalized  based  on  the  observed  bond  lengths  and  the  presence  of  a planar 
metallathiacycle. 1 46, 1 54-1 57 

2-Methylthiophene  and  Benzothiophene 

Compound  8 also  reacts  with  2 equivalents  of  2-methylthiophene  and 
benzothiophene  to  yield  the  metallathiacycle  complexes  [(o- 

(Me3SiN)2C6H4)(NPh)W(SC5H6)]  (23)  and  [(o-(Me3SiN)2C6H4)(NPh)W(SC8H6)]  (24) 
respectively  as  a dark  red  solids  in  80%  isolated  yield  for  23  (Figure  5-7).  Isolation  of  a 
pure  sample  of  compound  24  has  proved  difficult  because  the  complex  slowly 
decomposes  during  the  workup  procedure.  As  determined  by  !H  NMR  spectroscopy, 
compound  24  is  formed  in  ca.  50  % yield. 
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Me3Si  23 


/ 


Me3Si  24 


Figure  5-7.  Synthesis  of  metallathiacycle  complexes  23  and  24. 

The  room  temperature  'H  NMR  spectra  of  compounds  [(o- 
(Me3SiN)2C6H4)(NPh)W(SC5H6)]  (23)  and  [(o-(Me3SiN)2C6H4)(NPh)W(SC8H6)]  (24) 
are  similar  to  the  spectrum  for  compound  22.  Both  compound  23  and  24  display  two 
resonances  that  correspond  to  inequivalent  Me3Si  groups  (0.40,  0.51  ppm  (23)  and  0.37, 
0.48  ppm  (24)).  For  compound  23  the  metallathiacyle  protons  resonate  as  a doublet  (6.52 
ppm,  3Jh-h  = 7 Hz)  for  the  y-CH  proton,  a doublet  of  doublets  (8.21  ppm,  3Jh-h  = 7 and  13 
Hz)  for  the  (3-CH  proton  and  a doublet  (8.89  ppm,  3Jh-h  = 13  Hz)  corresponding  to  the  a- 
CH  proton.  The  CH3  substituant  appears  as  a singlet  at  2.38  ppm.  The  metallathiacycle 
protons  of  compound  24  resonate  as  doublets  at  8.52  (3JH-h  = 13.2  Hz)  and  8.67  ppm  (3JH- 
h = 13.2  Hz)  for  the  |3-CH  and  a-CH  protons  respectively.  A graphical  representation  of 
these  assignments  is  shown  in  Figure  5-8.  For  compounds  23  and  24,  the  chemical  shifts, 
splitting  patterns  and  coupling  constants  of  the  metallathiacycle  protons  are  consistent 
with  C-S  bond  activation  of  the  C-S  bond  opposite  the  CH3  group  in  2-methylthiophene 
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and  the  phenyl  substituant  of  benzothiophene.  This  selectivity  results  from  a significant 
difference  in  the  accessibility  of  the  two  C-S  bonds.  As  explained  in  the  following 
section,  this  selectivity  is  not  observed  when  there  is  a substituant  in  the  three  position  of 
thiophene. 


s 2.38 


H H 


d 8.67  d 8.52 


23  24 

Figure  5-8.  Metallathiacycle  proton  assignments  for  compounds  23  and  24. 


3 -Methylthiophene 

In  contrast  to  the  product  selectivity  observed  for  2-methylthiophene  and 
benzothiophene,  reaction  of  [W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2]  (8)  with  2 equivalents 
of  3-methylthiophene  generates  a mixture  of  the  two  possible  C-S  bond  activation 
products,  [(o-(Me3SiN)2C6H4)(NPh)W(SC5H6)]  (25a)  and  (25b)  (Figure  5-9).  As 
determined  by  'H  NMR  spectroscopy,  the  products  are  formed  in  a 60:40  ratio  with  25b 
as  the  major  component. 


Me3Si  Me3Si  Me3Si 


L = C5H5  (8)  25a 

Figure  5-9.  Synthesis  of  metallathiacycles  25a  and  25b. 
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Figure  5-10.  Proton  assignment  for  compounds  25a  and  25b 
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Assignment  of  the  metallathiacycle  proton  resonances  for  the  two  product 
isomers,  25a  and  25b,  was  accomplished  through  a combination  of  ]H  NMR  and  'H 
COSY  (proton-proton  correlation  spectroscopy).  The  *H  COSY  experiment  revealed 
which  hydrogens  are  on  adjacent  carbon  atoms  and  the  3Jh-h  coupling  calculated  from  the 
*H  NMR  spectrum  confirmed  the  positioning  of  the  hydrogens  deduced  from  the  *H 
COSY  experiment.  Figure  5-10  displays  the  aromatic  region  of  the  room  temperature  ’H 
NMR  spectrum  and  the  proton  assignment  scheme  for  the  metallathiacycle  protons  of 
compounds  25a  and  25b.  In  addition  to  the  aromatic  resonances,  two  sets  of  resonances 
(0.43,  0.52  ppm  (25a)  and  0.42,  0.51  ppm  (25b))  are  observed  for  the  inequivalent  SiMe3 
groups.  The  CH3  groups  of  25a  and  25b  resonated  as  singlets  at  1.98  and  2.05  ppm 
respectively. 

The  observed  product  selectivity  in  the  reaction  of  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  with  2-methylthiophene  or  benzothiophene  as  described  in 
the  previous  section,  arises  from  steric  congestion  on  one  side  of  the  thiophene  ring, 
whereby  C-S  bond  activation  opposite  the  substituant  is  preferred.  For  the  reaction  of  3- 
methylthiophene  with  8,  both  C-S  bonds  are  accessible  as  demonstrated  by  the  formation 
of  both  25a  and  25b. 


Mechanistic  Considerations 

Thiophenes  are  known  to  interact  with  a metal  center  in  a number  of  different 
modes,  however,  an  p'-S-bound  thiophene147  149  is  believed  to  be  a prerequisite  for 
subsequent  C-S  bond  activation.  Although  the  initial  interaction  of  thiophene  and  its 
derivatives  with  [W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2]  (8)  has  not  been  directly 
observed,  the  ability  of  8 to  accommodate  additional  ligands  has  been  demonstrated,  as 
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described  in  Chapter  3 . Compound  8 rapidly  forms  octahedral  complexes  with  the 
addition  ligands  such  as  CO  and  PMe3.  For  the  reaction  of  the  cr-donor  ligand  PMe3  with 
8,  the  complex  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2  is  the  preferred  product, 
suggesting  labilization  of  one  of  the  pyridine  ligands  upon  coordination  of  the  first  PMe3 
ligands.  Although  thiophenes  are  weaker  donor  ligands  than  PMe3,  under  the  thermolysis 
conditions  for  the  reaction  of  thiophenes  with  8,  labilization  of  a pyridine  ligand  would 
generate  the  open  coordination  site  necessary  for  C-S  bond  activation  to  occur.  The 
ability  of  the  W(IV)  metal  center  to  facilitate  oxidative  addition  chemistry  was 
demonstrated  by  the  reaction  of  8 with  olefins,  Chapter  4.  For  example,  when  compound 
8 was  exposed  to  a positive  pressure  of  ethylene,  oxidative  coupling  of  2 ethylene 
molecules  led  to  the  formation  of  the  metallacyclopentane  complex 
W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20).  Therefore,  even  though  no  direct 
evidence  for  the  mechanism  of  the  formation  of  the  metallathiacycles  has  been  observed, 
based  on  the  knowledge  gained  from  the  reactions  of  8 with  PMe3  and  olefins,  the 
following  mechanism  is  proposed.  Initial  coordination  of  thiophene,  either  S-bound  or 
ri  -bound,  followed  by  loss  of  pyridine  would  generate  an  unsaturated  W(IV) 
intermediate.  Subsequent  C-S  bond  cleavage  of  the  coordinated  thiophene  and  loss  of  the 
remaining  pyridine  ligand  generates  the  observed  metallathiacycle  complexes 
(Figure  5-11). 

Conclusions 

Due  to  the  industrial  importance  of  the  HDS  process,  the  use  of  organometallic 


modeling  to  gain  a better  understanding  of  this  process  is  of  great  importance. 
Specifically,  examples  of  metal-thiophene  interactions  for  Group  6 metal  complexes  are 
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of  interest  because  of  their  widespread  use  in  the  HDS  process  (M0S2  and  WS2).  In  this 
chapter  we  have  demonstrated  that  the  chelate  stabilized  W(IV)L2  complex  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5HsN)2]  (8)  facilitates  the  C-S  bond  activation  of  both  thiophene  and 
substituted  thiophenes  to  give  the  metallathiacycle  complexes  22,  23,  24,  25a  and  25b. 

To  our  knowledge,  this  reactivity  is  the  first  example  of  thiophene  C-S  bond  activation  by 
a Group  6 metal  complex  in  the  +4  oxidation  state.  Previous  reports  involving  C-S  bond 
activation  of  thiophenes  with  Group  6 metals  also  suggest  C-H  bond  activation  as  a 
competing  process.  For  the  reaction  of  8 with  thiophenes  no  evidence  of  such  chemistry 
has  been  observed.  In  addition  to  its  importance  to  the  field  of  HDS  modeling,  this  work 
also  aids  in  our  understanding  of  the  properties  and  reactivity  of  the  W(IV)  fragment, 

[ W (NPh)(o-(Me3  SiN)2C6H4)] . 
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L = C5H5N  (8) 


Toluene,  65°  C 


22 


Figure  5-11.  Proposed  mechanism  for  the  C-S  bond  activation  of  thiophenes. 


CHAPTER  6 

TUNGSTEN  CATALYZED  OLEFIN  DIMERIZATION  AND  CODIMERIZATION 

Introduction 

The  ability  of  transition  metal  compounds  to  carry  out  the  facile  and  selective 
coupling  or  oligomerization  of  unsaturated  organic  substrates  is  a major  feature  of 
organometallic  catalysis.  58  This  area  of  research  has  seen  the  development  of  many 
different  transition  metal  systems  that  facilitate  the  catalytic  dimerization  of  1 -alkenes  (a- 
olefins).  59-162  For  early-transition  metal  complexes,  two  pathways  have  been  identified 
for  this  class  of  reaction.  The  first  involves  metallacycle  formation  via  oxidative 
coupling,  followed  by  P-hydrogen  transfer  and  reductive  elimination,  pathway  A (Figure 
6-1).  The  alternative  pathway  begins  with  hydrometallation  of  an  alkene  by  a metal 
hydride  to  yield  a metal  alkyl  intermediate.  Migratory  insertion  of  a second  alkene  into 
the  M-alkyl  bond  followed  by  P-elimination  results  in  the  liberation  of  the  newly  formed 
dimer,  pathway  B (Figure  6-1).163 

Pathway  B (migratory  insertion)  is  closely  related  to  the  mechanism  of  Ziegler- 
Natta  polymerization.164'166  The  critical  difference  between  polymerization  and  the 
related  dimerization  process  is  the  rate  of  the  P-elimination  (chain  transfer)  step.  For 
systems  that  give  predominately  dimerization  products,  this  step  is  fast  relative  to 
subsequent  migratory  insertion  of  another  alkene  molecule.  In  polymerization  systems, 
the  rates  are  reversed,  allowing  chain  propagation  to  dominate  over  chain  transfer. 
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The  alternative  pathway  (A),  utilizes  the  propensity  of  low- valent,  early-transition 
metals  to  form  metallacyclopentane  species  through  oxidative  coupling  of  olefinic 
substrates.  Although  typically  slow,  to  the  point  of  being  unobserved,  P-hydrogen 
transfer  from  such  metallacycles  offers  a possible  pathway  for  the  selective  dimerization 
of  olefins.  A recent  study  by  Rothwell,  et  al.  demonstrated  that  titanacyclopentane  rings 
exhibit  the  thermal  stability  that  is  typically  associated  with  early-transition  metal 

1 67 

metallacyclopentanes.  However,  at  elevated  temperatures  these  compounds  act  as 
catalysts  for  the  slow  dimerization  of  a-olefins.  Several  groups  have  expanded  this 

reactivity  to  include  the  catalytic  cyclization  of  acyclic  dienes,  which  also  believed  to 
proceed  through  metallacyclic  intermediates.168"171 


Figure  6-1.  Mechanisms  for  the  dimerization  of  1-alkenes. 
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Group  6 metal  complexes  (tungsten  and  molybdenum)  have  long  been  known  to 
be  active  homogeneous  catalyst  for  the  metathesis  of  cyclic  and  acyclic  olefins.172,173  It 
has  been  demonstrated  that  the  active  species  in  these  reactions  is  a M(VI)  alkylidene 
complex  and  that  the  metathesis  reaction  proceeds  through  a metallacyclobutane 
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intermediate.  It  is  believed  that  the  ancillary  ligands  of  these  complexes  play  an 
important  role  in  the  stabilization  of  the  four  membered  metallacyclic  intermediate  and 
prevent  intermolecular  reactions.175  Theoretical  mechanistic  studies  have  suggested  that 
a spectator  oxo  ligand  makes  this  metallacyclic  formation  favorable.176  Imido  ligands 
have  also  been  used  in  metathesis  systems,  as  demonstrated  by  the  classical 
aniline/WCVAl  system,  which  is  an  efficient  olefin  metathesis  catalyst. 

In  the  seventies,  Lawson  and  Menapace  pointed  out  that  the  aniline/WCVAl 
metathesis  catalyst  could  be  converted  into  an  olefin  dimerization  catalyst  simply  by 
increasing  the  Al/W  ratio  to  5: 1 ,177'181  For  example,  a mixture  of  tungsten  hexachloride, 
aniline  (aniline:W,  2:1)  and  EtAlCb  (A1:W,  1-2)  catalyzes  the  self-metathesis  of 
propylene.  As  the  amount  of  EtAlCl2  was  increased  to  Al/W  = 3 both  conversion  and 
selectivity  toward  metathesis  fell  rapidly  to  zero.  At  this  Al/W  ratio  and  higher, 
conversion  rose  sharply  with  dimerization  as  the  exclusive  reaction,  yielding  a mixture  of 
2-methylpentene  and  2,3-dimethylbutene  (Figure  6-2). 

More  recently,  Exxon  revisited  this  system  with  the  hope  of  developing  an 
industrial  process  based  on  this  reactivity.182  The  driving  force  for  developing  this 
chemistry  was  the  desire  to  develop  a catalyst  that  would  convert  propylene  into  1- 
hexene,  which  is  widely  used  as  a comonomer  in  the  olefin  polymerization  industry. 
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Figure  6-2. 


WCVaniline  catalyzed  dimerization  of  propylene. 


Even  though  the  Exxon,  aniline/WCl6  system  catalyzes  the  dimerization  of 
alkenes,  the  selective  formation  of  1 -hexene  from  propylene  was  not  accomplished. 

From  these  studies  it  was  also  noted  that  the  catalyst  only  facilitated  dimerization  of 
terminal  olefins,  ethylene  through  pentene.  No  activity  was  observed  for  larger  a-olefins, 
internal  or  geminal  olefins.  In  addition,  the  stability  of  the  catalyst  system  was  such  that 
activity  was  observed  for  only  short  periods  of  time  (30-60  min)  before  catalyst 
deactivation  occurred. 

The  relative  ease  with  which  the  W(IV)L2  complexes,  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2]  (8)  and  [W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2]  (9)  facilitate 
the  oxidative  coupling  of  olefins  to  give  metallacyclopentane  species  (Chapter  4) 
interested  us  in  further  exploitation  of  these  facile  reactions.  The  ultimate  goal  was  to 
create  a catalyst  system  for  the  dimerization  of  alkenes,  which  rivaled  or  exceeded  the 
activity  and  selectivity  of  the  previously  reported  dimerization  catalysts.  Doing  so 
presented  a significant  challenge  because  the  metallacyclopentane  complexes  display 
significant  thermal  and  chemical  stability.  This  stability  was  in  part  expected.  Our 
studies  of  the  W(IV)  complexes  have  demonstrated  the  propensity  of  these  complexes  to 
be  oxidized  to  W(VI)  species  that  are  significantly  more  stable,  Chapters  4 and  5. 

Forcing  the  reverse,  W(VI)-W(IV)  that  would  make  the  olefin  dimerization  reaction 
catalytic  is  chemically  and  thermodynamically  much  more  challenging.  This  chapter  will 
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discuss  our  entry  into  the  area  of  catalytic  olefin  dimerization.  Included  in  this  discussion 
are  examples  of  two  highly  active  catalysts  systems,  substrate  and  product  selectivity  and 
our  ideas  regarding  the  nature  of  the  catalyst  systems  and  their  possible  applications. 

Metallacyclopentane  Decomposition 

Previous  work  from  our  group  showed  that  the  metallacyclopentane  complex, 
W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20),  undergoes  decomposition  when 
heated  in  the  presence  of  PMe3  to  yield  the  complex,  [o-(Me3SiN)2C6H4] 
W(NPh)(PMe3)2(C2H4)  (26)  (Figure  6-3).32  Unfortunately,  1 -butene  was  never  observed 
as  a product  of  this  reaction.  Instead  this  reactivity  served  to  demonstrate  a shift  of  the 
equilibrium  between  the  metallacyclopentane  and  olefin  complexes  in  the  presence  of  a- 
donor  ligands.  Although  the  formation  of  1 -butene  from  metallacyclopentanes  has  been 
reported  for  Ni(II),183  Pd(II),184  Pt(II),185  Pt(IV),186  Ta187  and  Ti,184  it  is  worthwhile  to 
note  that  thermolysis  of  20  for  extended  periods  of  time  results  in  complex 
decomposition  instead  of  the  desired  P-hydrogen  transfer  reaction  to  yield  1 -butene. 


Figure  6-3.  Formation  of  ethylene  complex,  26  from  metallacyclopentane,  20. 
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During  their  examination  of  the  aniline/W/Al  system,  researchers  at  Exxon 

observed  the  formation  of  metallacyclopentane  complexes.  Subsequent  addition  of 

Lewis  acidic  aluminum  reagents  to  these  metallacycles  resulted  in  the  liberation  of 
1 82 

alkenes.  These  observations  suggested  that  reagents  such  as  EtAlCL  and  Et2AlCl 
could  be  applied  to  our  metallacyclopentane  system  to  facilitate  decomposition  through 
P-hydrogen  transfer. 

In  a resealable  NMR  tube,  2 equivalents  of  EtAlCl2  were  added  to  a solution 
(CgD^)  ofW(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  at  room  temperature.  The 
room  temperature  'H  NMR  spectrum  acquired  after  mixing  the  solution  for  10  minutes 
displayed  olefinic  and  aliphatic  resonances  consistent  with  the  formation  of  1 -butene. 
Similar  results  were  observed  when  either  Et2AlCl  or  A1C13  was  added  to  the 
metallacyclopentane  complex  (Figure  6-4).  The  exact  composition  of  the  resulting  metal 
complex  has  yet  to  be  determined,  but  the  presence  of  characteristic  resonances  for  the 
diamide  and  imido  ligand  protons,  suggests  the  metal  fragment  W(NPh)[o- 
(Me3SiN)2C6H4]  (27)  remains  intact. 


Figure  6-4.  Lewis  acid  promoted  metallacyclopentane  decomposition. 
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Catalytic  Ethylene  Dimerization  and  Codimerization  with  Butene 

Our  desire  to  create  an  active  olefin  dimerization  catalyst  was  realized  by 

exposing  a mixture  of  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  and  EtAlCl2  to 
a positive  pressure  of  ethylene.  A Parr  high-pressure  reactor  equipped  with  a magnetic 
stir  bar  and  pressure  gauge  was  charged  with  20  (0.025  g,  0.042  mmol),  toluene  (50  mL) 
and  2 equivalents  of  EtAlCl2  and  heated  at  70°  C for  10  minutes  to  allow  for  catalyst 
aging.  At  this  point,  a positive  pressure  of  ethylene  (100  psi)  was  introduced  to  the 
reactor.  Over  a period  of  1 5 min  the  total  volume  of  ethylene  was  consumed  as 
demonstrated  by  the  rapid  decrease  in  the  observed  pressure  inside  the  reactor.  Similar 
results  were  obtained  when  the  initial  ethylene  pressure  was  varied  from  100  - 500  psi. 
The  products  of  the  reaction  were  analyzed  by  gas  chromatography  on  a Hewlett  Packard 
5890  gas  chromatograph  equipped  with  a 30  meter  Supleco  SPB-1  fused  silica  capillary 
column.  A GC  trace  of  the  reaction  solution  revealed  the  presence  of  a four-component 
product  mixture. 

Invoking  a mechanism  that  involves  a metallacyclopentane  intermediate  we  were 
able  to  generate  a list  of  possible  reaction  products.  Through  this  mechanism,  initial 
dimerization  of  ethylene  yields  exclusively  1 -butene.  Subsequent  codimerization  of 
ethylene  and  1 -butene  through  a metallacyclic  mechanism  would  yield  a series  of  5 
different  C 6 olefins  (1 -hexene,  2-hexene,  3-hexene,  3 -methyl- 1-pentene,  2-ethyl- 1- 
butene)  (Figure  6-5).  The  complexity  of  the  theoretical  product  mixture  is  result  of  two 
possible  metallacycles,  one  in  which  the  ethyl  substituant  is  on  a a-carbon  and  the  other 
with  the  ethyl  group  residing  in  a p-position. 
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Figure  6-5.  Theoretical  product  mixture  based  on  a metallacycle  mechanism. 

Product  Characterization 

A combination  of  GC  and  ]H  NMR  spectroscopy  was  utilized  to  determine  the 
composition  and  relative  yields  of  the  ethylene  dimerization  reaction.  By  GC  the  product 
mixture  contains  four  distinct  products.  By  spiking  the  reaction  mixture  with  aliquots  of 
the  known  alkene  standards,  1 -butene,  3-methyl- 1-pentene,  2-ethyl- 1 -butene  and  1- 
hexene,  the  peaks  in  the  GC  trace  were  assigned  as  shown  in  (Figure  6-6).  The  relative 
abundances  of  the  Ce  products  were  determined  through  integration  values  obtained  from 
the  GC  trace  to  be  60%  2-ethyl- 1 -butene,  35%  3 -methyl- 1-pentene  and  5%  1-hexene. 
However,  this  assignment  only  accounts  for  3 of  the  5 products  expected  from  the 
metallacycle  mechanism.  The  remaining  two  proposed  products,  2-hexene  and  3-hexene 
are  generated  from  the  same  metallacycle  as  1 -hexene  and  would  only  be  present  in  small 
amounts  similar  to  1 -hexene.  Spiking  the  reaction  mixture  with  these  standards  caused 
an  observed  increase  in  the  3 -methyl- 1-pentene  (2-hexene)  and  the  2-ethyl- 1 -butene  (3- 
hexene)  peaks  respectively.  From  the  integration  values  of  the  alkene  region  of  the  'H 
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NMR  spectrum,  the  concentration  of  internal  olefins  (2 -hexene,  3-hexene)  was  calculated 
to  be  ca.  3-4%  as  predicted  by  the  proposed  mechanism. 

Confirmation  of  the  components  of  the  product  mixture  was  made  by  a 
comparison  of  the  *H  NMR  spectrum  of  a sample  of  the  reaction  mixture  (Figure  6-7)  to 
the  spectra  of  pure  samples  of  the  proposed  products.  The  spectrum  of  the  reaction 
mixture  contains  resonances  corresponding  to  terminal,  internal  and  geminal  olefins  in 
addition  to  aliphatic  resonances  that  are  consistent  with  the  proposed  products.  Also,  the 
relative  abundances  of  each  product,  as  determined  through  integration  of  the  NMR 
spectrum,  are  similar  to  the  values  obtained  from  the  GC  trace. 
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Figure  6-6.  Ethylene  dimerization/codimerization  product  mixture. 


STANDARD  HI  PARAMETERS 


104 


Figure  6-7. 


'll  NMR  spectrum  of  ethylene  dimerization  products. 
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For  the  catalytic  reactions  described  above,  the  rate  of  ethylene  consumption  was 
variable  as  a result  of  inconsistencies  in  the  effectiveness  of  the  magnetic  stir  bar  to 
maintain  a constant  mixing  rate.  Therefore,  our  understanding  of  the  actual  activity  of 
the  catalyst  system  towards  the  dimerization  of  ethylene  was  limited.  In  order  to  explore 
this  variance,  a similar  dimerization  experiment  was  conducted  (0.04  mmol  W,  2 eq. 
EtAlCb,  50  mL  toluene,  70°  C,  100  psi  ethylene)  in  a reactor  equipped  with  a mechanical 
stirring  apparatus.  The  pressure  inside  the  reactor  was  maintained  at  1 OOpsi,  with  a 
continuous  supply  of  ethylene  from  a gas  burette.  Ethylene  uptake  was  monitored  with  a 
pressure  transducer,  which  was  attached  to  a recorder.  Upon  pressurizing  the  system 
with  ethylene,  the  temperature  inside  the  reactor  rose  sharply  to  130°  C over  a period  of  5 
seconds. 

The  reaction  temperature  slowly  decreased  as  the  dimerization  reaction 
proceeded.  Figure  6-8  shows  a plot  of  ethylene  consumption  in  moles  versus  time  for 
two  successive  charges  of  ethylene.  The  observed  decrease  in  the  rate  of  ethylene  uptake 
between  run  1 and  run  2 is  attributed  catalyst  decomposition,  which  occurs  during  the 
rapid  temperature  jump.  Not  only  does  this  study  demonstrate  the  exceptional  reactivity 
of  the  catalyst  system  (20/EtAlCl2),  but  it  also  confirms  the  inconsistencies  in  the  rate  of 
stirring  when  a magnetic  stir  bar  is  employed  in  the  reactor. 
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Figure  6-8.  Plot  of  ethylene  consumption  vs.  time. 

W(NPh)ro-(Me^SiN)2C6H4lCl2  as  a Catalyst  Precursor 

In  light  of  the  literature  reports  of  utilizing  (imido)WCl4  as  an  olefin  dimerization 
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catalyst,  we  decided  to  explore  the  catalytic  activity  of  the  dichloride  complex, 
W(NPh)[o-(Me3SiN)2C6H4]Cl2  (28).  As  was  found  for  compound  20,  the  dichloride 
complex  is  also  active  towards  ethylene  dimerization  in  the  presence  of  a cocatalyst 
(EtAlCy.  The  activity  observed  for  compound  28  in  the  dimerization/codimerization  of 
ethylene  was  similar  to  that  observed  for  20.  Since  this  project  is  in  its  early  stages  a 
numerical  comparison  of  the  activity  for  two  catalyst  systems  is  pending.  Of  significance 
are  the  identical  product  mixtures  and  ratios  that  are  generated  by  the  different  systems, 
suggesting  a similar  dimerization  mechanism.  The  successful  application  of  compound 
28  as  a dimerization  catalyst  combined  with  its  ease  of  synthesis  has  made  this  the 
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catalyst  of  choice  for  our  dimerization  studies.  In  question  at  this  point  was  the  process 
by  which  these  two  different  catalyst  precursors  are  activated  towards  ethylene 
dimerization  with  the  same  cocatalyst  (EtAlCL). 

Activation  of  W(CH7CH7CH7CH2)(NPh)ro-(Me^SiN)?,C6H4  (20) 

Activation  of  compound  20  toward  catalytic  olefin  dimerization  and  not  olefin 
metathesis  can  be  rationalized  in  a straightforward  manner.  We  found  that  liberation  of 
1 -butene  from  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  only  occurs  in  the 
presence  of  Lewis  acids  such  as  EtAlCl2,  Et2AlCl  or  AICI3.  For  example,  when  20  was 
thermo lyzed  in  the  presence  of  PMe3,  ethylene  was  liberated  with  formation  of  the  olefin 
complex  [o-(Me3SiN)2C6H4]  W(NPh)(PMe3)2(C2H4)  (26).32  In  addition,  when  exposed  to 
an  excess  of  ethylene  or  other  olefins,  compound  20  is  indefinitely  stable  with  no 
obseverable  butene  formation  or  metallacycle  ring  expansion.  Therefore,  it  is  suggested 
that  the  A1  cocatalysts  behave  differently  than  PMe3  in  that  they  likely  promote  13- 
hydrogen  transfer  instead  of  metallacycle  cycloreversion.  Initially,  alkyl  abstraction  leads 
to  the  formation  of  a bimetallic  intermediate.  Subsequent  P-hydrogen  abstraction 
produces  a W-hydride  complex  that  undergoes  bimetallic  reductive  elimination  to  liberate 
1 -butene  and  form  the  W(IV)  intermediate  27.  Compound  27  then  rapidly  facilitates 
oxidative  coupling  of  two  additional  olefin  molecules  to  complete  the  catalytic  cycle 
(Figure  6-9). 
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Figure  6-9.  Aluminum  promoted  activation  of  metallacyclopentane,  20. 

Alkylidene  Formation  for  the  Aniline/W/Al  System 
Even  though  20  and  28  yield  similar  dimerization  products,  due  to  their  different 
composition,  the  process  by  which  these  complexes  are  activated  must  follow  different 
pathways.  To  begin  to  understand  the  possible  mechanism  for  the  activation  of  28  and 
why  no  metathesis  was  observed,  it  is  necessary  to  examine  more  closely  the  chemistry 
involving  the  aniline/WCVAl  catalyst  system. 

Menapace177  observed  that  when  greater  than  four  equivalents  of  EtAlCl2  were 
used  in  conjunction  with  the  WCVaniline  system  only  olefin  dimerization  occurred.  At 
lower  Al/W  ratios,  metathesis  was  found  to  be  the  predominating  process.  Herisson  and 
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Chauvin  suggested  that  the  mechanism  for  olefin  metathesis  involves  a metal- 
alkylidene  bond  (Figure  6-10).  Numerous  alkylidene  complexes  have  since  been 
synthesized.  Alkylidene  ligands  are  typically  found  on  highly  electropositive  early- 
transition  metals  in  complexes,  which  are  formally  electron  deficient  (fewer  than  18  e').1 
Complexes  of  this  type  are  capable  of  coordinating  an  olefin  molecule  to  the  electrophilic 
metal  center  of  the  alkylidene  complex.189  Subsequent  formation  of  an  intermediate 
metallacyclobutane  followed  by  cycloreversion  can  give  either  the  original 
alkylidene/olefin  complex  or  a new  alkylidene  complex  with  the  liberation  of  olefin 
(productive  metathesis)  (Figure  6-10). 

R 

H ^ 

R'  R" 

Figure  6-10.  Chauvin  mechanism  for  olefin  metathesis,  showing  productive  metathesis. 

This  mechanism  has  gained  wide  acceptance  and  seems  quite  plausible  for  the 
aniline/WCle/Et AICI2  metathesis  catalyst,  where  initial  formation  of  a tungsten  ethylidene 
complex  is  easily  rationalized  by  two  different  mechanisms  (Figure  6-11).  Mechanism  A 
follows  a pathway  that  includes  di-alkylation  of  the  (imido)WCl4  complex  with  two 
equivalents  of  EtAlCl2.  Subsequent  a-hydrogen  abstraction  yields  the  ethylidene  species 
necessary  for  olefin  metathesis.  The  other  suggested  mechanism,  B,  although  more 
involved,  generates  the  ethylidene  complex  through  a series  of  steps  that  carry  as  much 
validity  as  those  for  mechanism  A.  In  this  case,  mono-alkylation  is  suggested,  followed 
by  abstraction  of  the  remaining  chloride  ligand  with  a second  equivalent  of  EtAICb. 
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Relief  of  the  electron-deficient  W cation  is  accomplished  through  loss  of  H+  (scavenged 
by  EtAlCh'  present  in  the  system)  resulting  in  the  formation  of  the  W(VI)  ethylidene 
complex.  However,  as  suggested  by  Menapace,  the  presence  of  excess  Lewis  acid  (more 
than  2 equivalents)  in  this  system  results  in  the  destabilization  of  the  ethylidene  complex 
whereby  the  olefin  dimerization  process  becomes  dominant  and  metathesis  is  suppressed. 


Mechanism  A: 


Mechanism  B: 
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Figure  6-11.  EtAlCh  promoted  formation  of  a tungsten  ethylidene. 


Activation  of  W(NPh)ro-(Me^SiN)?CftH4lCl7  28 
Regardless  of  the  amount  of  EtAlCh,  our  catalyst  system  only  promotes  olefin 
dimerization.  Pentene  and  propylene,  the  expected  products  of  ethylene/butene 
metathesis  are  never  observed.  Even  though  compound  28  is  a markedly  different 
catalyst  precursor  than  the  metallacyclopentane  complex  20,  it  is  our  belief  that  the  active 
species  in  both  systems  is  the  highly  reactive  W(IV)  fragment,  {W(NPh)[o- 
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(Me3SiN)2C6H4]}  (27).  With  the  numerous  literature  reports  of  the  presence  of 
alkylidene  species  in  the  aniline/W/EtAlC^  system  it  is  necessary  to  explore  possible 
activation  processes  for  compound  28/EtAlCl2  that  involve  alkylidenes.  However,  it  will 
become  evident  in  this  discussion  that  the  actual  catalyst  activation  most  likely  follows  a 
mechanism  that  is  void  of  alkylidene  species. 

Due  to  the  similarities  between  the  (imido)WCl4  catalyst  precursor  and  compound 
28,  generation  of  an  alkylidene  from  the  reaction  of  28  with  EtAlCb  should  follow  one  of 
the  mechanisms  presented  in  Figure  6-11.  Mechanism  A can  be  readily  eliminated  from 
consideration.  Although  the  intermediate  W(VI)-diethyl  complex,  W(NPh)[o- 
(Me3SiN)2C6H4](CH2CH3)2  (29)  has  been  prepared  and  well  characterized,31  the 
subsequent  a-hydrogen  abstraction  step,  necessary  to  form  the  ethylidene  complex 
W(CHCH3)(NPh)[o-(Me3SiN)2C6H4]  (30)  is  unlikely.  For  alkyl  complexes  containing 
both  a-  and  P-hydrogens,  P-abstraction  usually  occurs  preferentially  over  the  a-H 
processes.  90,191  Previously,  our  group  had  addressed  this  very  question. 

Several  asymmetric  dialkyl  complexes  were  prepared  to  study  how  the  steric  bulk 

it 

of  the  alkyl  ligands  affected  the  competition  between  the  a-  and  P-processes.  Of 
significance  to  this  work  was  the  reaction  of  PMe3  with  W(NPh)[o- 
(Me3SiN)2C6H4](CH2CMe3)(Et),  (31),  which  yields  exclusively  p-abstraction  products, 
including  the  ethylene  complex,  26,  which  is  also  formed  through  the  reaction  of  29  with 
PMe3  (Figure  6-12).  Competition  between  a-  and  P-abstraction  was  only  observed  for 
complexes  with  more  sterically  demanding  ligands;  hence  P-abstraction  would  be  the 
preferred  decomposition  pathway  for  the  diethyl  intermediate,  29  under  the  conditions  of 
the  dimerization  reaction,  ultimately  forming  metallacyclopentane  20  (Figure  6-12).  The 
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necessity  of  steric  bulk  to  facilitate  a-abstraction  in  these  dialkyl  complexes  was  further 
demonstrated  by  reacting  the  dimethyl  complex  W(NPh)[o-(Me3SiN)2C6H4](Me)2  with 
PMe3.  In  contrast  to  the  bulkier  a-hydrogen  containing  dialkyl  complexes  that  undergo 
a-abstraction,  this  reaction  only  yields  the  PMe3  adduct,  W(NPh)[o- 
(Me3SiN)2C6H4](Me)2(PMe3). 


Figure  6-12.  Preference  for  P-abstraction  when  ethyl  ligands  are  present. 


Another  plausible  alkylidene  forming  mechanism  based  on  the  reaction  of 
W(NPh)[o-(Me3SiN)2C6H4]Cl2  (28)  with  EtAlCh,  is  based  on  that  proposed  by 
Menapace,  mechanism  B (Figure  6-11).  This  pathway  involves  mono-alkylation  of  the 
W-dichloride  with  the  first  equivalent  of  EtAlCl2  while  the  second  equivalent  acts  as  a 
chloride-abstracting  agent  to  yield  a W(VI)-alkyl  cation  (Figure  6-13).  Expulsion  of  a 
proton  to  generate  an  ethylidene  results  in  stabilization  of  the  high-oxidation  state  metal 
center.  Even  though  this  is  a rational  mechanism  for  the  formation  of  an  ethylidene 
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species,  the  stability  of  such  a complex  is  questionable.  Several  decomposition  pathways 
have  been  demonstrated  for  these  types  of  alkylidene  species,  supporting  the  proposed 
instability  of  this  complex.  Therefore,  it  is  important  here  to  mention  the  possible 
decomposition  pathways  for  two  reasons.  First  to  demonstrate  that  the  presence  of  an 
ethylidene  species  in  the  dimerization  reactions  is  unlikely  and  secondly,  if  this  complex 
was  formed,  each  of  the  decomposition  pathways  ultimately  lead  to  the  formation  of  the 
W(IV)  intermediate  27  that  we  believe  is  the  active  dimerization  catalyst. 


EtAlCI2 


EtAlCl2 


/ 


Me3Si 


Figure  6-13.  Proposed  formation  of  W(VI)-ethylidene,  30. 


Alkylidene  Decomposition 

Recent  work  in  our  group  has  successfully  used  the  reaction  of  W(NPh)[o- 
(Me3SiN)2C6H4]Cl2  (28)  with  grignard  reagents  to  prepare  a wide  range  of  W(VI)  dialkyl 
complexes/  Our  exploration  of  this  class  of  d°  dialkyl  complexes  led  to  the  preparation 
of  the  alkylidene  complex  W(CHCMe3)(PMe3)(NPh)[o-(Me3SiN)2C6H4]  (33)  via  a- 
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abstraction  when  W(NPh)[o-(Me3SiN)2C6H4](CH2CMe3)2  (32)  is  thermolyzed  in  the 
presence  of  PMe3  (Figure  6-14).  Compound  33  has  shown  activity  as  a catalyst  for  the 
metathesis  of  terminal  olefins,  but  competing  decomposition  processes  drastically  limit 
the  catalyst’s  lifetime.  Further  investigation  of  these  decomposition  reactions  led  to  the 
characterization  of  the  major  decomposition  product,  the  metallacyclopentane  complex, 
20  that  we  have  now  found  to  be  a catalyst  precursor  for  olefin  dimerization.  A 
combination  of  experimental  results  and  the  observation  of  key  intermediates  in  the 
decomposition  of  33  led  to  the  proposal  of  two  major  pathways  to  rationalize  the 
formation  of  20  in  the  olefin  metathesis  reactions.  Based  on  the  similarities  between  33 
and  the  proposed  ethylidene  complex,  30,  it  is  our  belief  that  the  mechanism  of 
decomposition  displayed  by  33  would  also  apply  to  30. 


Figure  6-14.  Synthesis  of  neopentylidene,  33,  via  a-abstraction. 


Ligand  C-H  Activation 

Interestingly,  attempts  to  isolate  the  base  free  neopentylidene  analogous  to 
compound  33  led  instead  to  the  reversible  metallation  of  one  of  the  Me3Si  groups  of  the 
o-(Me3SiN)2C6H4  ligand  in  the  absence  of  PMe3  (Figure  6-15).  This  served  as  the  first  of 
several  observations  that  suggested  instability  of  an  alkylidene  ligand  in  this  type  of 
complex. 
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Figure  6-15.  Ligand  metallation  as  an  alkylidene  decomposition  mechanism. 


Application  of  this  ligand  metallation  process  to  the  W-ethylidene  complex  would 
result  in  the  formation  of  a P-hydrogen  containing  W(VI)-alkyl  complex  34 
(Figure  6-16).  The  presence  of  P-hydrogens  in  34  suggests  the  possibility  for  further 
decomposition.  The  ability  of  W(VI)-dialkyl  complexes  to  undergo  decomposition  via  P- 
hydrogen  abstraction  processes  resulting  in  the  formation  of  W(IV)-olefin  complexes  was 
previously  demonstrated  by  our  research  group.32,33  Invoking  such  a process  for  34 
results  in  the  demetallation  of  the  ligand  and  formation  of  an  intermediate  ethylene 
complex,  which  under  the  conditions  of  the  dimerization  reaction  (ethylene  pressure) 
would  be  rapidly  scavenged  by  ethylene  to  give  compound  20  (Figure  6-16).  The 
presence  of  Lewis  acid  (EtAlC^)  in  the  reaction  mixture  serves  to  enhance  the  rate  of  this 
P-abstraction  process  as  suggested  by  the  reaction  of  the  metallacyclopentane,  20,  with 


EtAlCl2. 
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Figure  6-16.  Metallacyclopentane  formation  via  ligand  metallation/p-abstraction. 


Bimolecular  Decomposition 

The  nature  of  the  ethylene  metathesis  mechanism  creates  another  possible 
decomposition  pathway  for  the  ethylidene  complex,  30.  Productive  metathesis  of 
ethylene,  promoted  by  30  proceeds  through  a methyl-substituted  metallacyclobutane 
intermediate,  W(CH2(CH3)CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  35.  Rapid  loss  of 
propylene  results  in  the  formation  of  the  methylidene  complex,  W(CH2)(NPh)[o- 
(Me3SiN)2C6H4]  36  (Figure  6-17).  Since  early-transition  metal  methylidene  complexes 
of  Ta,  Mo  and  W are  susceptible  to  bimolecular  decomposition  it  is  likely  that  36  could 
follow  a similar  process.32,129’192,193  This  type  of  decomposition  again  yields 
{W(NPh)[o-(Me3SiN)2C6H4]}  (27),  which  is  trapped  by  ethylene  through  oxidative 
coupling  to  form  metallacyclopentane,  20. 
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Figure  6-17.  Bimolecular  methylidene  decomposition. 


Ethylidene  Rearrangement 

Finally,  direct  decomposition  of  30  is  suggested  as  another  way  to  rationalize  the 
lack  of  olefin  metathesis  in  the  WCIVEtAlCk  olefin  dimerization  reaction.  Several 
groups  have  demonstrated  the  inherent  instability  of  early-transition  metal  ethylidene 
complexes.194  This  instability  results  from  the  relative  ease  with  which  ethylidene 
complexes  containing  P-hydrogens  rearrange  to  the  corresponding  ethylene  complex 
through  a hydride  migration  mechanism.  Figure  6-18  displays  the  application  of  this 
rearrangement  to  the  ethylidene  complex  30,  yielding  an  unsaturated  W(IV)  intermediate 
that  rapidly  incorporates  another  ethylene  molecule  to  give  20.  As  with  the  other 
alkylidene  decomposition  pathways  explained  above,  the  formation  of  20  through 
ethylidene  rearrangement  allows  olefin  dimerization  to  predominate  over  metathesis. 
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Figure  6-18.  Ethylidene/olefin  complex  rearrangement  to  give  20. 


Proposed  Activation  of  28 

Although  each  of  the  alkylidene  decomposition  mechanisms  described  above 
acting  either  alone  or  collectively  can  account  for  the  suppression  of  olefin  metathesis  in 
the  WCl2(28)/EtAlCl2  dimerization  system,  we  propose  a more  straightforward 
explanation  to  account  for  this.  Our  intimate  understanding  of  the  competition  between 
a-  and  (3-transfer  processes  for  W(VI)-dialkyl  complexes  provides  the  basis  for  the 
following  proposal.  Initial  dialkylation  of  28  with  EtAlCl2  to  give  29  represent  the  first 
step  in  the  activation  process  that  takes  place  during  the  period  of  catalyst  aging  prior  to 
exposure  of  the  catalyst  system  to  ethylene.  With  our  knowledge  the  P-hydrogen  transfer 
chemistry  of  this  type  of  complex  in  hand,  formation  of  a W(IV)-ethylene  intermediate 
via  elimination  of  ethane  marks  the  catalyst’s  entry  into  the  catalytic  cycle.  Upon 
exposure  to  ethylene,  the  intermediate  ethylene  complex  is  rapidly  trapped  by  an 
additional  ethylene  molecule  through  oxidative  coupling  to  give  20.  To  complete  the 
catalytic  cycle,  EtAlC^/AlCb  facilitates  decomposition  of  compound  20,  as  presented  in 
Figure  6-9,  to  liberate  butene  and  reform  the  W(IV)  intermediate  (Figure  6-19). 
Formation  of  the  observed  C6  products  results  from  the  build  up  of  butene  in  the  system, 
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which  creates  a competition  between  ethylene  dimerization  and  ethylene/butene 
codimerization. 


Figure  6-19.  WCI2  catalyzed  ethylene  dimerization  and  ethylene/butene  codimerization. 

Dimerization  Substrate  Selectivity 

In  order  to  begin  to  understand  the  scope  of  this  catalyst  system,  some  initial 
studies  were  performed  with  longer  chain,  cyclic,  internal  and  geminal  olefins  as  well  as 
acyclic  dienes.  In  contrast  to  other  dimerization  catalysts  that  typically  are  limited  to 
short  (C2-C5)  terminal  olefins  as  substrates,  we  have  observed  rapid  dimerization  of  a 
wide  variety  of  olefinic  substrates  with  the  WCfe/EtAlCk  catalyst. 
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Straight-Chain  q-Olefins 

The  first  class  of  substrates  examined  was  a-olefins  of  varying  length.  Typical 
reaction  conditions  for  these  experiments  include;  a toluene  solution  of  W(NPh)[o- 
(Me3SiN)2C6H4]Cl2  (28)  and  EtAlCl2  (5-10  equivalents)  that  is  aged  (80-100°)  for  10 
minutes,  followed  by  addition  of  the  olefinic  substrate.  *H  NMR  spectroscopy  and  gas 
chromatography  were  used  to  analyze  to  resulting  product  mixtures.  Table  6-1  contains  a 
compilation  of  the  reaction  conditions  and  product  characteristics  for  a series  of  straight- 
chain  a-olefin  substrates. 

Table  6.1.  Results  from  a-olefin  dimerization  as  determined  by  NMR  and  GC. 


Substrate 

Rxn  Temp 

Product  Size 

# of  Products 

Type  of  Olefin 

1 -Pentene 

80°  C 

C10 

4 

Internal,  geminal 

1 -Hexene 

90°  C 

C12 

4 

Internal,  geminal 

1 -Octene 

100°  C 

Ci6 

4 

Internal,  geminal 

1 -Decene 

100°  C 

C20 

2,  Broad 

Internal,  geminal 

C14  a-olefin 

100°  C 

C28 

Broad 

Internal,  geminal 

Although  exact  rates  have  not  been  determined  for  these  reactions,  the  amount  of 
time  required  for  the  catalyst  to  completely  consume  the  initial  monomer  is  consistent 
throughout  the  range  of  substrates  presented  in  Table  6-1.  The  slight  temperature 
variance  from  pentene  to  C14  is  necessary  to  obtain  similar  consumption  rates.  This  small 
variability  was  attributed  to  a greater  difficulty  in  the  oxidative  coupling  of  two  olefin 
molecules  as  the  size  of  the  monomer  was  increased.  Support  for  this  argument  was 
gained  through  the  stoichiometric  reactions  between  the  W(IV)L2  complex,  [W(NPh)(o- 
(Me3SiN)2C6H4)(C5HsN)2]  (8)  and  the  olefinic  substrates  to  give  the  corresponding 
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W(VI)-metallacyclopentane  complexes.  It  was  found  that  for  the  larger  olefins,  slightly 
longer  reaction  times  and  higher  temperatures  were  required  to  facilitate  the  formation  of 
the  metallacyclic  species. 

The  observed  product  selectivity  (number  and  type  of  olefin)  for  these  reactions  is 
consistent  with  the  mechanism  involving  a metallacycle  intermediate  that  was  proposed 
for  the  dimerization/codimerization  of  ethylene  and  butene  earlier  in  this  chapter.  In  each 
case,  the  dimerization  reaction  resulted  in  the  formation  of  four  olefinic  products,  which 
by  'll  NMR  spectroscopy  were  determined  to  be  a mixture  of  internal  and  geminal 
olefins.  A GC  trace  and  the  corresponding  NMR  spectrum  for  the  dimerization  of  1- 
pentene  are  presented  in  Figures  6-20  and  6-21  respectively  as  representative  examples. 
For  1-decene  and  C14  broad  peaks  were  observed  in  the  corresponding  GC  traces  as  a 
result  of  the  inability  of  the  relatively  short  column  (30  meters)  to  separate  the  higher 
molecular  weight  products. 


Figure  6-20.  GC  trace  of  the  product  mixture  from  the  dimerization  of  1 -pentene. 
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Figure  6-21 . 'H  NMR  spectrum  of  the  pentene  dimerization  product  mixture 
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Cyclic  Olefins  and  Dienes  as  Substrates 

Our  exploration  of  this  chemistry  has  also  produced  results  that  suggest  this 
catalyst  system  facilitates  the  dimerization  of  cyclic  olefins  and  cyclization  of  acyclic 
dienes.  Cyclohexene  was  dimerized  in  the  presence  of  WCb/EtAlCfe  to  give  a 90:10 
mixture  of  two  products.  Once  again,  invoking  a mechanism  involving  the  formation  of  a 
metallacyclopentane  intermediate  predicts  the  observed  number  of  products  as  shown  in 
Figure  6-22.  In  addition,  the  ]H  NMR  spectrum  of  the  product  mixture  is  consistent  with 
the  suggested  exclusive  formation  of  products  containing  internal  carbon-carbon  double 
bonds. 


Figure  6-22.  Proposed  product  distribution  from  the  dimerization  of  cyclohexene. 

Addition  of  excess  1,7-octadiene  to  a toluene  solution  containing  an  activated 
catalyst  mixture  produced  different  results  from  those  observed  for  each  of  the  other 
olefinic  substrates  that  have  been  discussed.  The  GC  trace  of  the  resulting  reaction 
solution  displayed  five  product  peaks,  which  because  of  their  retention  times  were 
believed  to  be  of  the  same  molecular  weight  as  the  monomer.  Subsequent  GC  analysis  of 
the  product  mixture  with  the  addition  of  a 1,7-octadiene  spike  confirmed  this  prediction. 
As  expected,  the  retention  times  of  the  products  and  monomer  were  virtually  identical. 

To  explain  this  we  propose  that  instead  of  dimerization,  exposure  of  1,7-octadiene  to  the 
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active  dimerization  catalyst  results  in  cyclization  to  yield  a series  of  cyclic  olefins. 
Unfortunately,  the  exact  nature  of  this  product  mixture  has  yet  to  be  determined. 

Alkene  Oligomerization 

The  use  of  synthetic  hydrocarbons  in  the  formulation  of  lubricants,  hydraulic 
fluids,  engine  oils  and  as  functional  fluids  in  general,  has  been  receiving  attention  in 
recent  years.195  In  the  future,  synthetic  products  will  be  used  increasingly  to  supplement 
and  replace  petroleum-derived  fluids.  In  addition,  these  synthetic  fluids  will  provide 
consistently  high  quality  products,  which  may  not  be  attainable  with  petroleum-derived 
fluids  due  to  the  fluctuations  in  the  availability  and  quality  of  future  crude  oil  supplies.196 

A large  number  of  catalysts  have  been  used  to  oligomerize  olefins  to  useful 
hydrocarbons.  In  general,  these  catalysts  fall  into  three  categories;  cationic,  free  radical 
and  anionic.  Cationic  catalysts,  such  as  AICI3,  were  reported  for  the  polymerization  of 
olefins  derived  from  the  thermal  cracking  of  wax  as  early  as  1931. 198  Similarly,  in  1951 
Gulf  oil  described  the  use  of  AICI3  for  the  oligomerization  of  1-octene.  Free  radical  or 
peroxide  initiators  were  patented  by  Socony  Mobil  in  I960.199  The  anionic  or 
coordination  complex  catalysts  include  the  ethylaluminumsesquichloride/titanium 
tetrachloride  system  first  developed  by  Southern  in  1961. 200 

We  have  found  that  not  only  is  the  WCl2(28)/EtAlCl2  system  an  excellent 
dimerization  catalyst,  but  upon  consumption  of  the  initial  monomer,  the  catalyst 
facilitates  the  subsequent  dimerization  of  the  product  olefins.  Although  this  behavior  has 
been  observed  with  the  majority  of  the  monomers  described  in  this  chapter,  due  to  limited 
results  regarding  this  process,  this  discussion  will  focus  on  the  oligomerization  of  1 - 


hexene. 
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When  a toluene  solution  of  the  activated  catalyst  system  and  1 -hexene  is  allowed 
to  proceed,  past  the  point  where  the  majority  of  hexene  has  been  consumed,  new  product 
peaks  of  greater  molecular  weight  are  observed  in  the  GC  trace.  This  suggests  two 
things,  first,  the  WCI2  based  catalyst  system  can  also  be  applied  as  an  oligomerization 
catalyst  and  secondly,  that  dimerization  of  internal  and  geminal  olefins  is  possible.  The 
later  is  suggested  because  initial  dimerization  of  1 -hexene  produces  a mixture  of  C12 
internal  and  geminal  product  olefins  and  to  obtain  these  higher  molecular  weight 
oligomers  requires  dimerization  of  these  products.  To  demonstrate  this,  dimerization 
experiments  were  run  with  2-ethyl- 1 butene  (geminal)  and  2-hexene  (internal)  as 
monomers.  At  consumption  rates  comparable  to  that  for  linear  a-olefins,  WCfe/EtAlCh 
catalyses  the  dimerization  of  these  substrates  to  give  C12  products. 

To  more  closely  examine  the  oligomerization  of  1 -hexene,  a reaction  mixture  of 
catalyst  and  monomer  was  monitored  by  GC  over  a 30-minute  interval.  The  resulting  GC 
traces  suggested  that  upon  formation  of  a significant  amount  of  C12  products,  subsequent 
codimerization  of  these  products  with  1 -hexene  results  in  the  formation  of  several  Ci8 
products.  Further  progression  of  the  reaction  yielded  the  formation  of  what  was  believed 
to  be  C30  resulting  from  the  codimerization  of  the  C12  and  Cis  products  as  the  amount  of 
1 -hexene  available  for  dimerization  became  minimal.  In  addition,  a small  fraction  of 
products  believed  to  be  C24  was  also  observed,  resulting  from  the  codimerization  of  1 - 
hexene  with  the  Cis  products.  The  molecular  weights  that  have  been  assigned  to  the 
products  of  this  reaction  are  only  suggested  values  based  on  the  proposed  mechanism  that 
was  discussed  for  the  olefin  dimerization  reactions.  Figure  6-23  displays  a GC  trace  of 
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the  1 -hexene  oligomerization  mixture  as  well  as  a series  of  equations  to  illustrate  the 
possible  origins  of  the  proposed  products. 


C12  Products  Catolyst/Cocatalystt>C|8 


Cjg  Products  --Cata'yst/Cocatalyst^e^  products 


C12  Products  + C 1 g Products  _C^jySt/Cocatalyst  ^ ^ products 


Figure  6-23.  WC12  catalyzed  oligomerization  of  1 -hexene. 


To  determine  what  type  of  higher  oligomers  this  system  was  capable  of 
producing,  an  identical  reaction  was  allowed  to  proceed  for  4 hours.  Subsequent  removal 
of  the  reaction  solvent  yielded  a viscous,  oily  substance.  13C  NMR  analysis  of  the  oily 
product  suggested  the  presence  of  a high  degree  of  branching  in  the  product  olefins, 
based  on  the  large  number  of  aliphatic  carbon  resonances  present  in  the  spectrum  (Figure 
6-24).  Although  this  is  only  an  initial  observation  and  much  more  research  is  necessary, 
the  possible  applications  of  this  catalyst  system  in  the  field  of  highly  branched  synthetic 
lubricants  are  promising. 
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Figure  6-24.  The  aliphatic  region  of  the  13C  NMR  spectrum  for  hexene  oligomerization. 


Conclusions 

In  continuation  of  the  oxidative  coupling  chemistry  presented  in  Chapter  4 we 
have  determined  that  when  activated  by  Lewis  acids,  W(NPh)[o-(Me3SiN)2C6H4]Cl2  (28) 
and  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  catalyze  the  dimerization  of  a 
series  of  olefinic  substrates.  We  have  proposed  a mechanism  to  account  for  the 
formation  of  the  six  observed  products  from  the  codimerization  of  ethylene  and  butene. 
This  mechanism  was  applied  throughout  this  discussion  to  rationalize  the  similar  results 
that  were  obtained  with  other  substrates.  This  mechanism  involves  the  oxidative 
coupling  of  two  olefin  molecules  at  an  unsaturated  W(IV)  metal  center  yielding 
metallacyclic  complexes.  It  is  believed  that  the  role  of  the  Lewis  acid  is  to  promote 
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decomposition  of  the  metallacycle  through  P-hydrogen  transfer  to  yield  the  product 
alkenes  and  reform  the  intermediate  W(IV)  complex. 

Although  we  have  only  just  begun  to  explore  this  reactivity,  several  significant 
observations  have  been  made.  First,  it  has  been  demonstrated  that  these  catalyst  systems 
will  promote  the  catalytic  dimerization  of  a wide  variety  of  olefinic  substrates,  including 
various  straight-chain,  internal,  geminal  and  cyclic  alkenes  in  addition  to  1,7-octadiene. 

It  has  also  been  determined  that  oligomerization  is  facilitated  upon  consumption  of  the 
initial  monomer  and  significant  formation  of  product  alkenes.  The  products  formed  as  a 
result  of  the  oligomerization  of  1 -hexene  demonstrate  a high  degree  of  branching  as 
determined  by  C NMR  spectroscopy.  Therefore,  this  process  may  not  only  be  useful  in 
the  generation  of  new  organic  molecules  via  dimerization,  but  also  interest  may  lie  in  the 
ability  of  the  catalyst  system  to  generate  highly  branched  oligomers  that  could  have 
applications  as  synthetic  lubricants. 


CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


The  research  presented  in  this  dissertation  has  taken  a project  that  was  focused  on 
the  chemistry  of  W(VI)  complexes  and  opened  many  new  areas  of  research  involving  a 
variety  of  both  W(VI)  and  W(IV)  chemistries.  Even  though  the  focus  of  this  project  was 
significantly  changed  by  the  work  described  in  the  previous  chapters,  a single  observation 
can  be  singled  out  as  the  origin.  When  the  bisphenethyl  complex,  1 was  exposed  to  a 
positive  pressure  of  H2  and  the  W(IV)-ethylbenzene  complex  was  observed  in  the  product 
mixture  it  became  apparent  that  base  free  W(IV)  compounds  containing  the  W(NPh)(o- 
(Me3SiN)2C6H4)  fragment  could  be  synthesized.  In  the  years  since,  we  have  developed  a 
highly  reactive  source  of  W(IV)  and  a series  of  interesting  and  novel  reactions  that 
exploit  the  propensity  of  these  complexes  to  achieve  a W(VI)  oxidation  state  whenever 
possible. 

Through  trial  and  error  we  were  able  to  synthesize  the  W(IV)-arene  complexes, 
W(NPh)(r|4-ethylbenzene)(o-(Me3SiN)2C6H6)  (3)  and  W(NPh)(r|4-propylbenzene)(o- 
(Me3SiN)2C6H6)  (4)  via  room  temperature  hydrogenolysis  of  the  corresponding  W(VI)- 
dialkyl  complexes,  1 and  2.  Although  these  sources  of  W(IV)  displayed  only  limited 
reactivity,  they  did  allow  the  discovery  of  the  highly  reactive  W(IV)L2  series  of 
complexes.  Subsequently  the  synthesis  of  the  compounds,  W(NPh)(o- 
(Me3SiN)2C6H4)(C5H5N)2  (8)  and  WCNPhXo-^SiNXCe^Xp-CeHyNX  (9)  was 
accomplished  in  a much  more  efficient  manner.  Na°  reduction  of  the  W(VI)Cl2  complex 
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in  the  presence  of  pyridine  or  4-picoline  afforded  these  complexes  in  excellent  yield. 
Some  quite  unique  spectroscopic  properties  were  observed  for  these  complexes.  At  and 
even  above  room  temperature  the  N-donor  ligands  were  found  to  experience  hindered 
rotation  about  the  W-N  bond  due  to  a steric  interaction  between  these  ligands  and  the 
Me3Si  groups  of  the  diamide  ligand. 

These  results  have  also  presented  us  with  some  structural  and  electronic  features 
that  have,  until  now,  gone  unnoticed  in  this  system.  Following  the  synthesis  and 
characterization  of  the  W(IV)-arene  and  W(IV)L2  complexes  we  noticed  a striking 
difference  in  the  fold  angle  of  the  diamide  ligand  with  respect  to  previously  reported 
W(VI)  complexes.  The  variability  of  the  fold  angle  was  attributed  to  the  electronic 
configuration  of  the  metal  center  (either  d°  or  d2).  For  d°  W(VI)  complexes,  the  ligand 
was  significantly  folded  ( ca . 50°)  resulting  from  rotation  of  the  N p„  orbitals  to  maximize 
overlap  with  the  empty  W dxy  orbital  thereby  increasing  the  overall  stabilization  of  the 
complex.  The  opposite  was  observed  for  d2  W(IV)  complexes,  such  as  W(NPh)(o- 
(Me3SiN)2C6H4)(p-C6H7N)2  (9),  where  the  ligand  was  flattened  (fold  angle  = 5°)  to  avoid 
a destabilizing  filled-filled  interaction  between  these  orbitals. 

Throughout  this  dissertation  this  bonding  model  became  a useful  tool  in 
understanding  the  properties  of  the  complexes  that  were  studied.  It  was  found  that  in  all 
cases,  the  observed  fold  angle  of  the  ligand  was  in  good  agreement  with  other  structural 
features  of  these  complexes  and  has  therefore  become  a means  by  which  the  oxidation 
state  of  the  W metal  center  could  be  assessed.  For  example,  the  diphenylacetylene 
complex,  15  displays  significant  reduction  of  the  acetylene  moiety  as  determined  by  the 
W-C  and  C-C  acetylene  bond  distances  obtained  from  a crystallographic  study.  The 
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bonding  model  predicts  that  due  to  significant  reduction  of  the  acetylene  ligand,  the 
diamide  ligand  should  have  a fold  angle  similar  to  other  W(VI)  complexes.  In  agreement 
with  this  proposal,  the  observed  fold  angle  for  this  complex  was  calculated  to  be  45°. 
Similar  agreement  between  the  W-ligand  interaction  and  the  fold  angle  of  the  diamide 
ligand  was  observed  in  each  case  present.  Using  these  observations  we  were  able  to 
make  predictions  about  subsequent  reactions  that  seemed  feasible  given  an  understanding 
of  the  properties  of  the  starting  material.  Table  7-1  summarizes  the  ligand  fold  angles  for 
the  five-coordinate  or  pseudo-five  coordinate  complexes  discussed  in  this  body  of  work. 

Table  7-1.  Summary  of  diamide  ligand  fold  angles. 


Compound 

Ligand  Fold  Angle 

W(VI)R2 

45-50° 

W(IV)(propylbenzene)  (4) 

15° 

W(VI)  metallacyclopentene  (5) 

45° 

W (I V)(4-picoline)2  (9) 

5° 

W(diphenylacetylene)  (15) 

45° 

W(2,3-dimethylbutadiene)  (17) 

30° 

W(VI)  metallathiacycle  (22) 

42° 

Time  after  time  the  reactions  of  the  W(IV)L2  complexes  with  various  substrates 
yield  products  for  which  the  W center  had  been  oxidized  from  W(IV)  to  W(VI)  making 
this  the  defining  theme  for  this  dissertation.  With  unsaturated  substrates  such  as 
acetylene  or  butadiene,  the  metal  center  accomplished  this  through  reduction  of  the 
substrate  ligand  to  yield  metallocyclopropene  and  metallacyclopentene  complexes, 
respectively. 
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More  conventional  oxidation  was  observed  for  the  reactions  with  thiophenes  and 
olefins.  With  thiophenes,  the  W(IV)L2  complex,  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2 
(8)  achieved  a W(VI)  oxidation  state  through  the  oxidative  addition  of  the  carbon-sulfur 
bond  giving  a series  of  metallathiacycle  complexes.  Oxidation  of  the  W(IV)  center  was 
also  observed  in  the  reactions  of  8 or  9 with  olefins,  this  time  through  oxidative  coupling 
to  give  metallacyclopentane  complexes.  In  the  course  of  this  research,  many  other 
examples  that  demonstrate  the  propensity  of  the  W center  in  this  system  to  achieve  a 
W(VI)  oxidation  state  were  observed.  Since  these  reactions  represent  only  initial 
observations  they  have  been  omitted,  however,  this  does  not  detract  from  the  importance 
of  these  findings  to  the  overall  understanding  of  this  system,  instead  it  serves  to 
strengthen  it. 

With  the  relative  ease  with  which  olefins  were  oxidatively  coupled  to  give  W(VI)- 
metallacyclopentane  complexes,  it  was  difficult  not  to  wonder  about  promoting  the 
reduction  of  these  complexes  to  give  new  olefins  and  regenerate  the  active  W(IV)  center 
to  create  a catalytic  process  for  the  dimerization  of  olefins.  Based  on  earlier  results 
regarding  the  inherent  stability  of  these  complexes  we  realized  that  this  would  be 
daunting  task. 

The  break  we  needed  came  in  the  way  of  a conversation  with  an  individual  (Dr. 

D.  E.  Hendricksen,  Mobil)  who  had  spent  many  years  working  in  this  area.  With  this 
advice  we  were  able  to  facilitate  the  reverse  process,  W(VI)-W(IV),  through  the  addition 
of  a strong  Lewis  acid  (EtAlCl2)  to  the  system.  With  this  catalyst  system  we  have  been 
able  to  facilitate  the  dimerization  and  codimerization  of  a large  number  of  alkenes  having 
various  structural  features.  The  possible  applications  of  this  system  are  numerous  and 
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should  be  a rich  area  of  research  for  this  group  for  some  years.  Finally,  the  development 
of  this  catalytic  system  serves  as  a satisfying  culmination  of  many  hours  spent 
understanding  the  chemistry  of  these  W(IV)  systems. 


CHAPTER  8 

EXPERIMENTAL  PROCEDURES 
General  Methods 

Unless  otherwise  noted,  all  procedures  were  performed  using  standard  Schlenk 
techniques  or  in  a N2-filled  dry  box.  Diethyl  ether  (Et20),  tetrahydrofuran  (THF), 
pentane,  hexanes  and  toluene  were  distilled  from  sodium  benzophenone  ketyl.  After 
collection,  all  solvents  were  stored  under  argon  and  over  activated  molecular  sieves. 
Glassware  was  oven  dried  prior  to  use.  All  NMR  solvents  were  degassed  (freeze-pump- 
thaw)  and  stored  over  activated  molecular  sieves  in  the  dry  box.  Due  to  the  sensitive 
nature  of  the  majority  of  the  complexes  presented  in  this  dissertation,  all  reagents  were 
purified  according  to  the  corresponding  literature  procedures  unless  otherwise  noted. 

'H,  13C  and  31P  NMR  spectra  were  measured  at  300MHz  on  a Varian  Gemini  300, 
VXR  300  or  Mercury  300  spectrometer  with  C6D6  and  C7D8  as  solvents.  The  chemical 

* Pi  » 1 1 3 

shifts  in  the  H and  C NMR  spectra  are  reported  in  parts  per  million  downfield  from 
tetramethylsilane  (8  = 0 ppm)  and  were  referenced  to  residual  protons  of  benzene  and 
toluene  in  the  deuterated  solvents.  The  chemical  shifts  in  the  31P  NMR  spectra  are 
reported  in  parts  per  million  and  referenced  to  H3PO4  (0  ppm).  Gas  Chromatography  was 
performed  on  a Hewlett-Packard  5960  GC  instrument,  equipped  with  a 30  m Supelco 
SPB-1  simulated  distillation  column.  Mass  spectrometry  was  performed  by  the  UF 
Department  of  Chemistry  Analytical  Services. 
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Synthesis  of  W(NPh)(CH7CH2CH2Ph)2(o-(Me^SiN)2C6H4)  (2) 

A diethyl  ether  solution  of  W(NPh)(o-(Me3SiN)2C6H4)Cl2  (2.00g,  3.35mmol)  was 
cooled  to  -78°C.  Two  equivalents  of  1.95M  PhCH2CH2CH2MgCl  in  Et20  (3.44mL, 
6.70mmol)  were  added  dropwise  via  syringe.  The  reaction  mixture  was  allowed  to  warm 
to  room  temperature  and  stir  for  3 hours  after  which  the  solvent  was  removed  and  the 
resulting  solid  dried  in  vacuo.  Extraction  with  pentane  (3  X 20mL)  followed  by  removal 
of  the  pentane  in  vacuo  gave  1 .74g  (67%)  of  2 an  orange-brown  oil.  Mass  Spec.  Calcd. 
For  (C36H49N3Si2W)  [M+H]+:  764.8121  m/e.  Found  (FAB):  764.3053  m/e.  'H  NMR 
(C6D6):  5 0.27  (s,  18H,  NSiMe3),  1.82  (m,  2H,  CH2CH2CH2Ph),  2.01  (m,  2H, 
CH2CH2CH2Ph),  2.16  (m,  4H,  CH2CH2CH2Ph),  2.62  (m,  4H,  CH2CH2CH2Ph),  6.88  (t, 
1H,  p-  W=NC6H5),  7.02  (m,  2H,  m-pdaCeFLO,  7.13  (m,  12H,  aromatic),  7.30  (d,  2H, 
aromatic),  7.35  (m,  2H,  o-pdaC6H4).  13C  NMR  (C6D6):  6 1.82  (NSiMe3),  35.44 
(CH2CH2CH2Ph),  43.66  (CH2CH2CH2Ph),  65.45  (CH2CH2CH2Ph),  aromatic:  122.68, 
124.62,  125.53,  126.13,  128.81, 129.06,  129.36,  134.65,  143.65,  156.61. 

Synthesis  of  W(NPh)(ri4-ethylbenzene)(o-(Me3SiN)2C6H6)  (3) 

A young’s  ampoule  was  charged  with  W(NPh)(CH2CH2Ph)2(o-(Me3SiN)2C6H4)  1 
(6.00g,  8.15mmol)  and  200mL  of  toluene.  The  solution  was  frozen  to  allow  for 
evacuation  of  the  ampoule.  After  warming  to  room  temperature  the  ampoule  was 
pressurized  to  34psi  with  H2  and  stirred  for  7 days.  During  this  time  the  reaction  mixture 
slowly  changed  from  a dark  orange  to  dark  purple  color.  Removal  of  the  reaction  solvent 
in  vacuo  followed  by  several  washings  of  the  resulting  solid  with  cold  (Me3Si)20  gave 
3.77 g (73  %)  of  3 as  a light  brown  powder.  Mass  Spec.  Calcd.  For  C26H37N3Si2W 
[M+H]+:  632.2079  m/e.  Found  (FAB)  632.21 15  m/e.  'HNMR^eDe):  5 0.42  (s,  18H, 
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NSiMe3),  0.55  (t,  3H,  C6H5CH2CH3),  1.67  (q,  2H,  C6H5CH2CH3),  4.27  (t,  1H,  p- 
C6H5CH2CH3),  4.65  (d,  2H,  o-  C6H5CH2CH3),  4.73  (t,  2H,  m-  C6H5CH2CH3),  6.70  (m, 
2H,  o-pdaC6H4),  6.90  (m,  2H,  m-pda),  6.91  (t,  1H,  p-W=NC6H5),  6.96  (d,  2H,  o- 
W=NC6H5)  7.10  (t,  2H,  m-  W=NC6H5).  13C  NMR  (C6D6):  5 4.12  (NSiMe3),  12.30 
(C6H5CH2CH3),  27.31  (C6H5CH2CH3),  aromatic:  100.57,  101.97, 113.99,  116.63, 117.59, 
120.73,  124.61,  129.09,  131.54,  155.35, 158.40. 

Synthesis  of  W(NPh)(n4-propylbenzene)(o-(Me3SiN)2C6H6)  (4) 

A toluene  solution  (lOOmL)  of  3 (1.50g,  1.97mmol)  was  placed  in  a young’s 
ampoule,  frozen  and  then  evacuated.  After  warming  to  room  temperature  the  ampoule 
was  charged  with  H2  (34psi).  The  reaction  mixture  was  allowed  to  stir  for  4 days  over 
which  time  the  solution  turned  from  orange  to  red-purple  in  color.  Stripping  off  the 
toluene  yielded  a dark  purple  solid,  which  was  dried  in  vacuo  for  3 hours.  Three 
washings  with  cold  (0°  C)  (Me3Si)20  (15  mL  each)  followed  by  drying  in  vacuo  for  6 
hours  yielded  0.810g  (64%)  of  4 as  a light  brown  solid.  Anal.  Calcd.  For  [M+H]+ 
646.2279  m/e.  Found  (FAB):  646.2271  m/e.  *HNMR  (C6D6):  8 0.42  (s,  18H,  NSiMe3), 
0.64  (t,  3H,  C6H5CH2CH2CH3),  1.02  (m,  2H,  C6H5CH2CH2CH3),  1.64  (t,  2H, 
C6H5CH2CH2CH3),  4.29  (t,  1H,  p-  C6H5CH2CH2CH3),  4.68  (d,  2H,  o-  C6H5CH2CH2CH3), 
4.74  (t,  2H,  m-  C6H5CH2CH2CH3),  6.69  (m,  2H,  o-pdaC6H4),  6.91  (m,  2H,  m-pdaC6H4), 
6.92  (t,  1H,  p-W=NC6H5),  7.00  (d,  2H,  o-W=NC6H5),  7.12  (t,  2H,  m-W=NC6H5). 
13CNMR  (C6D6):  8 4.53  (NSiMe3),  13.97  (C6H5CH2CH2CH3),  22.12  (C6H5CH2CH2CH3), 
36.72  (C6H5CH2CH2CH3),  aromatic:  101.52, 102.42, 114.42, 117.05, 117.99, 121.09, 
125.01,  129.48, 130.93,  155.70,  158.81. 
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I I 

Synthesis  of  ro-(Me3SiN)2CfiH4)(NPh)WCH2C(Ph)=C(Ph)CHPhl  (5) 

A Young’s  ampoule  was  charged  with  3 (0.135  g,  0.214  mmol),  PhC=CPh 

(0.038  g,  0.213  mmol)  and  toluene  (30  mL).  The  mixture  was  stirred  at  65°  C for  18 
hours,  during  which  the  solution  turned  red-brown  in  color.  Removal  of  the  reaction 
solvent  in  vacuo  followed  by  recrystallization  of  the  resulting  solid  from  pentane  at  -78° 
C yielded  0.093g  (54  %)  of  5 as  a dark,  red-purple  solid.  Mass  Spec.  Calcd.  For  [M+H]+ 
807.8376  m/e.  Found  (FAB)  807.2662  m/e.  'HNMR  (C6D6):  6 0.24  (s,  9H,  NSiMe3), 
0.31  (s,  9H,  NSiMe3),  2.58  (d,  1H,  a-CH2),  2.81  (d,  1H,  a-CH2),  4.77  (s,  1H,  a-CH), 

6.55  (m,  2H,  aromatic),  6.76-7.16  (aromatic),  7.50  (m,  2H,  aromatic).  13CNMR  (CeDe):  6 
2.16  (NSiMe3),  2.36  (NSiMe3),  57.74  (a-CH2),  73.72  (a-CH),  90.52  (p-C),  aromatic: 
121.30, 121.66,  122.01,  122.35,  124.28, 124.86,  125.94,  126.52,  127.21,  127.28,  127.81, 
128.98,  130.43,  131.11, 132.30,  132.77,  140.67, 141.75,  145.85,  149.13,  150.13,  156.50. 

i r 

Synthesis  of  ro-(Me3SiN)2CfiH4)(NPh)WCH2C(Ph)=C(Ph)CHPhl  (5) 

From  W(NPh)ro-(Me3SiN)2C6H6l(CH2CH2Ph)(Me)  (7) 

To  a young’s  ampoule  was  added  W(NPh)[o-(Me3SiN)2C6H6](CH2CH2Ph)(Me) 

(0.091  g,  0.141  mmol),  PhC=CPh  (0.030  g,  0.168  mmol)  and  toluene  (30  mL).  The 

reaction  mixture  is  stirred  at  70°  C for  21  hours,  during  which  the  solution  becomes  red- 
brown  in  color.  Removal  of  the  toluene  and  subsequent  recrystallization  from  pentane 
produced  0.075  g (70  %)  of  5 as  a red-purple  solid. 
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Synthesis  of  W(NPh)ro-(Me3SiN)2C6H41(CH2CH2Ph)Cl  (6) 
W(NPh)[o-(Me3SiN)2C6H4]Cl2  (2.50  g,  4.19  mmol)  was  dissolved  in  Et20  and 
cooled  to  -78°  C.  One  equivalent  of  PhCH2CH2MgCl  (2.09  mL,  4.19  mmol)  was  added 
dropwise  by  syringe.  The  mixture  was  allowed  to  warm  to  room  temperature  and  stir  for 
2 hrs,  during  which  time  the  solution  turned  bright  orange  in  color  and  a light  brown 
precipitate  formed.  The  reaction  solvent  was  removed  under  reduced  pressure  and  the 
resulting  orange  solid  dried  in  vacuo  for  1 hr.  Subsequent  extraction  with  several 
portions  of  cold  pentane  (0°  C)  followed  by  concentration  and  cooling  of  the  filtrate  (-78° 
C)  produced  bright  orange  crystals.  The  solid  was  collected  via  filtration  and  dried  in 
vacuo  to  yield  1.67  g (60  %)  of  (6)  as  an  orange  crystalline  solid.  Anal.  Calcd.  For 
C26H36N3Si2W:C  46.89,  H 5.45,  N 6.31.  Found:  C 46.55,  H 5.22,  N 6.1 1.  'HNMR 
(C6D6,  25°  C):  6 0.26  (s,  9H,  Si(CH3)3),  0.44  (s,  9H,  Si(CH3)3),  2.19  (m,  1H,  CH2CH2Ph), 
2.58  (m,  1H,  CH2CH2Ph),  2.76  (m,  1H,  CH2CH2Ph),  2.93  (m,  1H,  CH2CH2Ph),  6.77  (t, 
1H,  p-W=NC6H5),  6.94-7.33  (m,  13H,  aromatic).  13C  NMR  (C6D6,  25°  C):  5 0.77 
(Si(CH3)3),  1.56  (Si(CH3)3),  38.48  (CH2CH2Ph),  62.29  (CH2CH2Ph),  aromatic:  121.37, 
122.14,  124.05,  125.55,  126.03, 126.98,  127.35, 128.25,  128.31,  128.49,  132.36, 135.84, 
148.36, 155.64. 

Synthesis  of  W(NPh)ro-(Me3SiN)2C6H41(CH2CH2Ph)Me  (7) 
W(NPh)[o-(Me3SiN)2C6H4](CH2CH2Ph)Cl  (6)  (0.40  g,  0.60  mmol)  was  dissolved 
in  Et20  and  cooled  to  -78°  C.  One  equivalent  of  MeMgl  (0.20  mL,  0.60  mmol)  was 
added  dropwise  by  syringe.  The  mixture  was  allowed  to  warm  to  room  temperature  and 
stir  for  2 hrs,  during  which  time  the  solution  turned  red-orange  in  color  and  a light  brown 
precipitate  formed.  The  reaction  solvent  was  removed  under  reduced  pressure  and  the 
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resulting  orange  solid  dried  in  vacuo  for  1 hr.  Subsequent  extraction  with  several 
portions  of  pentane  followed  by  solvent  removal  and  drying  in  vacuo  yielded  0.30  g (77 
%)  of  (7)  as  a orange-brown  solid.  Mass  Spec.  Calcd.  For  C27H4oN3Si2W  [M  + H]+: 
646.2279  m/e.  Found  (FAB):  646.2271  m/e.  ‘H  NMR  (C6D6,  25°  C):  5 0.30  (s,  18H, 
Si(CH3)3),  1.22  (s,  3H,  CH3),  2.20  (m,  1H,  CH2CH2Ph),  2.48  (m,  2H,  CH2CH2Ph),  2.82 
(m,  1H,  CH2CH2Ph),  6.86  (t,  1H,  p-W=NC6H5),  7.02-7.41  (m,  13H,  aromatic). 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 

Pyridine  (0.13  mL,  1.57  mmol)  was  added  dropwise  to  a room  temperature 
toluene  solution  of  W(NPh)(r|4-propylbenzene)(o-(Me3SiN)2C6H6)  (4)  (0.51  g,  0.79 
mmol).  Upon  addition  of  pyridine  the  solution  became  dark  purple  in  color.  The  mixture 
was  stirred  for  1 hr  at  which  time  the  solvent  was  stripped  off  and  the  resulting  solid 
dried  in  vacuo  for  1 hr.  Subsequent  washing  with  several  portions  of  cold  pentane  (0°  C), 
followed  by  drying  the  remaining  solid  in  vacuo,  yielded  0.39  g (73  %)  of  8 as  a dark 
purple  solid.  'H  NMR  (25°  C,  C6D6):  5 0.45  (s,  18H,  SiMe3),  4.97  (t,  2H,  p-C5H5N), 

5.71  (d,  2H,  0-C5H5N),  6.28  (t,  4H,  m-C5H5N),  6.90  (m,  1H,  p-W=NC6H5),  7.03  (m,  2H, 
o-pdaC6H4),  7.10-7.12  (m,  4H,  o,m-W=NC6H5),  7.41  (m,  2H,  m-pdaC6H4),  7.82  (d,  2H, 
0-C5H5N).  13C  NMR  (25°  C,  C6D6):  5 5.58  (SiMe3),  1 18.64  (o-pdaC6H4),  1 18.66  (m- 
pdaC6H4),  121.62  (m-C5H5N),  122.17  (m-C5H5N),  124.23  (p-W=NC6H5),  124.65  (o- 
WeeNC6H5),  127.75  (m-W=NC6H5),  129.40  (p-C5H5N),  137.91  (o-C5H5N),  142.14  (o- 
C5H5N),  152.08  (pda  C6H4),  158.76  (W=NC6H5). 
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Synthesis  of  8 From  W(NPh)(o-(Me3SiN)2C6FLi)Cl2 
To  a dispersion  of  Na°  (0.17  g,  7.24  mmol)  in  THF  was  added  a THF  solution  of 
W(NPh)(o-(Me3SiN)2C6H4)Cl2  (2.16  g,  3.62  mmol)  and  pyridine  (0.88  mL,  10.09  mmol) 
at  room  temperature.  The  mixture  was  stirred  for  30  min,  during  which  time  the  solution 
changes  from  bright  to  dark  purple  in  color.  The  solvent  was  removed  under  reduced 
pressure  and  the  resulting  solid  extracted  with  toluene.  Subsequent  evaporation  of  the 
toluene  and  drying  in  vacuo  gave  2.25  g (91  %)  of  8. 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2  (9) 

4-Picoline  (0.07  mL,  0.77  mmol)  was  added  drop  wise  to  a room  temperature 
toluene  solution  of  W(NPh)(r|4-propylbenzene)(o-(Me3SiN)2C6H6)  (4)  (0.25  g,  0.39 
mmol).  Upon  addition  of  4-picoline,  the  solution  became  dark  purple  in  color.  The 
mixture  was  stirred  for  1 hr  at  which  time  the  solvent  was  stripped  off  and  the  resulting 
solid  dried  in  vacuo  for  1 hr.  Subsequent  washing  with  several  portions  of  cold  pentane 
(0°  C),  followed  by  drying  the  remaining  solid  in  vacuo,  yielded  0.20  g (73  %)  of  9 as  a 
dark  purple  solid.  ’H  NMR  (C6D6,  25°  C):  8 0.50  (s,  18H,  SiMe3),  2.37  (s,  3H,  C6H7N), 
5.78  (d,  2H,  o-C6H7N),  6.28  (t,  4H,  m-C6H7N),  6.93  (m,  1H,  p-W=NC6H5),  7.07  (m,  2H, 
o-pdaC6H4),  7.10-7.14  (m,  4H,  o,m-W=NC6H5),  7.48  (m,  2H,  m-pdaC6H4),  7.88  (d,  2H, 
o-C6H7N).  13C  NMR  (C6D6,  25°  C):  5 5.79  (SiMe3),  17.75  (p-CH3(C6H7N)),  aromatic: 
118.51,  118.64,  123.84,  124.52,  126.52, 128.02,  128.89,  129.66, 138.31, 141.13,  142.26, 


152.88, 159.29. 
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Synthesis  of  9 From  WfNPhllo-fMejSiNLCftFLlCL 
To  a dispersion  of  Na°  (0.16  g,  7.24  mmol)  in  THF  was  added  a THF  solution  of 
W(NPh)(o-(Me3SiN)2C6H4)Cl2  (2.14  g,  3.62  mmol)  and  4-picoline  (0.88  mL,  10.09 
mmol)  at  room  temperature.  The  mixture  was  stirred  for  30  min,  during  which  time  the 
solution  changes  from  bright  to  dark  purple  in  color.  The  solvent  was  removed  under 
reduced  pressure  and  the  resulting  solid  extracted  with  toluene.  Subsequent  evaporation 
of  the  toluene  and  drying  in  vacuo  gave  2.41  g (93  %)  of  9. 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(CQH7N)?,  (10) 

Quinoline  (0.09  mL,  0.77  mmol)  was  added  drop  wise  to  a room  temperature 
toluene  solution  of  W(NPh)(r|4-propylbenzene)(o-(Me3SiN)2C6H6)  (4)  (0.25  g,  0.39 
mmol).  Upon  addition  of  quinoline,  the  solution  became  turquoise  in  color.  The  mixture 
was  stirred  for  1 hr  at  which  time  the  solvent  was  stripped  off  and  the  resulting  solid 
dried  in  vacuo  for  1 hr.  Subsequent  washing  with  several  portions  of  cold  pentane  (0°  C), 
followed  by  drying  the  remaining  solid  in  vacuo,  yielded  0.19  g (63  %)  of  10  as  a black 
solid.  'H  NMR  (25°  C,  C6D6):  5 0.38  (s,  18H,  SiMe3),  5.00  (d,  2H,  C9H7N),  5.55  (d,  2H, 
C9H7N),  6.38  (m,  2H,  C9H7N),  6.49  (m,  2H,  C9H7N),  6.76  (m,  4H,  C9H7N),  6.97  (m,  1H, 
p-W=NC6H5),  7.05  (m,  2H,  o-pdaC6H4),  7.25  (m,  2H,  m-W=NC6H5),  7.39  (m,  2H,  m- 
pdaC6H4),  7.51  (d,  2H,  o-W=NC6H5),  8.91  (d,  2H,  C9H7N).  13C  NMR  (25°  C,  C6D6):  8 
5.49  (SiMe3),  aromatic:  116.08, 118.64,  118.85, 125.05,  125.17,  125.33,  125.95,  126.40, 
129.66,  129.81, 131.29, 135.48, 142.90,  150.20. 
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Synthesis  of  W(NPh)(o-(Me^SiN)?C6H4)Ph7  (11) 
W(NPh)(o-(Me3SiN)2C6H4)Cl2  (1.0  g,  1.68  mmol)  was  dissolved  in  50  mL  of 
Et20  and  cooled  to  -78°  C.  Two  equivalents  of  PhMgCl  (1.12  mL,  3.36  mmol)  was  then 
added  by  syringe.  The  reaction  was  allowed  to  warm  to  room  temperature  and  stir  for  2 
hours,  during  which  time  the  solution  became  brown  in  color  and  a precipitate  formed. 
The  solvent  was  then  removed  under  reduced  pressure  and  the  remaining  brown-orange 
solid  dried  in  vacuo.  The  solid  was  then  extracted  with  pentane  and  filtered  until  the 
filtrate  was  clear.  The  solution  was  concentrated  to  1 0 mL  and  cooled  to  -78°  C for  three 
hours.  The  resulting  orange  solid  was  isolated  by  filtration  and  dried  in  vacuo  to  yield 
0.77  g (68  %)  of  11  as  an  orange  crystalline  solid.  'H  NMR  (25°  C,  CeD6):  8 0.12  (s, 
18H,  SiMe3),  6.80-7.66  (m,  19H,  aromatic).  13C  NMR  (25°  C,  C6D6):  8 0.72  (SiMe3), 
aromatic:  123.14,  124.93,  125.69,  125.80,  128.18,  129.09,  131.67,  136.71,  156.25, 

196.30.  Anal.  Calc’d  for  C32H4iN3Si2W:  C,  54.31;  H,  5.84;  N,  5.94.  Found:  C,  53.98; 

H,  5.61;  N,  5.69. 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2(CO)  (12a) 

An  ampoule,  fitted  with  a teflon  valve  was  charged  with  W(NPh)(o- 
(Me3SiN)2C6H4)(CsH5N)2  (8)  (0.20  g,  0.29  mmol)  and  toluene  (40  mL).  The  mixture  was 
frozen  in  liq.  N2  and  the  flask  evacuated.  Upon  warming  to  room  temperature,  the  flask 
was  charged  with  CO  (20  psi).  The  solution  immediately  turned  brown  in  color.  After 
stirring  at  room  temperature  for  30  minutes,  the  reaction  solvent  was  removed  and  the 
resulting  solid  was  dried  in  vacuo  for  3 hours  to  give  0.13  g (65  %)  of  12a  as  a dark 
brown  crystalline  solid.  ]H  NMR  (C6D6, 25°  C):  8 0.35  (s,  9H,  SiMe3),  0.37  (s,  9H, 
SiMe3),  6.26  (t,  4H,  m-C5H5N),  6.46  (t,  2H,  p-C5H5N),  6.65  (m,  2H,  o-pdaC6H4),  6.86- 
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7.10  (m,  5H,  aromatic),  7.29  (d,  2H,  o-W=NC6H5),  8.77  (d,  4H,  m-C5H5N).  13C  NMR 
(C6D6,  25°  C):  5 3.79  (SiMe3),  4.20  (SiMe3),  aromatic:  115.62, 118.60, 119.16, 121.01, 
124.02,  124.31,  125.03,  126.02,  129.63,  137.08,  149.73,  150.64,  154.03,  158.57,  281.05 
(C=0).  IRvC0=  1889  cm'1. 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)  (12b) 

Following  the  procedure  used  for  the  synthesis  of  12a,  W(NPh)(o- 
(Me3SiN)2C6H4)(p-C6H7N)2  (9)  (0.75  g,  1.05  mmol)  was  exposed  to  a positive  pressure 
(20  psi)  of  C=0.  Compound  12b  (0.58  g,  76  %)  was  isolated  as  a dark  brown  crystalline 
solid.  !H  NMR  (C6D6,  25°  C):  6 0.41  (s,  9H,  SiMe3),  0.45  (s,  9H,  SiMe3),  1.47  (s,  3H, 
C6H7N),  6.17  (d,  4H,  C6H7N),  6.65  (m,  2H,  o-pdaC6H4),  6.88  (t,  1H,  p-W=NC6H5),  6.94- 
7.13  (m,  6H,  aromatic),  7.34  (d,  2H,  o-W=NC6H5),  8.77  (d,  4H,  C6H7N).  13C  NMR 
(C6D6,  25°  C):  5 3.89  (SiMe3),  4.29  (SiMe3),  20.44  (C6H7N),  aromatic:  1 15.53, 1 18.62, 
119.16,  121.00,  124.07,  124.91, 125.20,  126.02, 129.60,  138.22,  149.25,  149.95,  150.87, 
153.64, 158.84  283.91  (C=0).  IR  vco  = 1878  cm'1. 

Synthesis  of  W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)(PMe3)(CO)  (13a) 
W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)  (12a)  (0.30  g,  0.42  mmol)  was 
dissolved  in  pentane  at  room  temperature  and  to  the  resulting  solution  was  added  PMe3 
(0.04  mL,  0.42  mmol).  The  solution  was  allowed  to  stir  at  room  temperature  for  30  min. 
The  reaction  solvent  was  removed  and  the  resulting  solid  was  dried  in  vacuo  to  give  13a 
(0.22  g,  74  %)  as  a dark  brown  solid.  NMR  (C6D6,  25°  C):  5 0.21  (s,  9H,  SiMe3), 
0.30  (s,  9H,  SiMe3),  0.97  (d,  9H,  PMe3, 2JP.H  - 9.0  Hz ),  6.38  (t,  2H,  m-C5H5N),  6.80- 
7.12  (m,  8H,  aromatic),  7.24  (d,  2H,  o-W=NC6H5),  8.70  (d,  2H,  m-C5H5N).  13C  NMR 
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(C6D6, 25°  C):  8 3.15  (SiMe3),  3.70  (SiMe3),  16.65  (PMe3,  lh-c  = 28.4  Hz),  aromatic: 
114.98,  118.44,  118.52,  121.26,  122.99,  123.23,  123.82,  129.08,  137.20,  151.70,  271.50 
(CO).  31P  NMR  (C6D6,  25°  C):  8 -10.76  (PMe3,  ‘Jw-p  = 188.8  Hz). 

IR  vco  = 1905  cm'1. 

Synthesis  of  W(NPh)(o-(Me3SiN)7C6H4)(CfiH7N)(PMe3)(CO)  (13b) 

Following  the  procedure  used  for  the  synthesis  of  13a,  W(NPh)(o- 
(Me3SiN)2C6H4)(p-C6H7N)2(CO)  (12a)  (0.25  g,  0.34  mmol)  was  reacted  with  PMe3  (0.04 
mL,  0.34  mmol)  at  room  temperature.  Compound  13b  (0.21  g,  87  %)  was  isolated  as  a 
dark-brown  crystalline  solid.  ’H  NMR  (C6D6,  25°  C):  8 0.25  (s,  9H,  SiMe3),  0.34  (s,  9H, 
SiMe3),  0.99  (d,  9H,  PMe3, 2JP.H  = 9.3  Hz ),  1.53  (s,  3H,  C6H7N),  6.29  (d,  2H,  C6H7N), 
6.74-7.05  (m,  7H,  aromatic),  7.26  (d,  2H,  o-W=NC6H5),  8.63  (d,  2H,  C6H7N).  13C  NMR 
(C6D6,  25°  C):  8 3.69  (SiMe3),  4.25  (SiMe3),  17.00  (PMe3,  lJP.c  = 27.9  Hz),  20.66 
(C6H7N),  aromatic:  115.42, 118.91, 119.00, 121.74, 123.52, 123.64, 124.96, 125.42, 
129.56,  151.86,  158.79,  273.20  (CO).  31P  NMR  (C6D6,  25°  C):  8 -10.71  (PMe3,  Vp 
= 188.0  Hz).  IR  vco  = 1903  cm'1. 

Synthesis  of  W(NPh)(o-(Me3SiN)7CfiH4)(C5H5N)(PMe3)2  (14a) 
W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  (0.20  g,  0.29  mmol)  was  placed  in  a 
Schlenk  tube  and  dissolved  in  toluene  (40  mL).  To  this  solution  was  added  2 eq.  of  PMe3 
(0.06  mL,  0.59  mmol)  at  room  temperature.  An  immediate  color  change  from  purple  to 
dark  brown  was  observed.  The  mixture  was  stirred  at  room  temperature  for  30  minutes, 
at  which  time  the  reaction  solvent  was  removed  and  the  resulting  brown  solid  was  dried 
in  vacuo.  Compound  14a  (0.15  g,  67  %)  was  isolated  as  a dark  brown  crystalline  solid. 
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lR  NMR  (C6D6, 25°  C):  5 0.13  (s,  9H,  SiMe3),  0.19  (s,  9H,  SiMe3),  1.10  (d,  9H,  PMe3, 
2JP-h  = 7.8  Hz ),  1.43  (d,  9H,  PMe3, 2JP.H  = 6.3  Hz),  6.40  (t,  1H,  C5H5N),  6.51  (t,  1H, 
C5H5N),  6.70-7.10  (m,  8H,  aromatic),  7.32  (d,  2H,  o-W=NC6H5),  8.52  (d,  1H,  C5H5N), 
8.79  (d,  1H,  C5H5N).  13C  NMR  (C6D6,  25°  C):  5 4.16  (SiMe3),  6.22  (SiMe3),  22.39 
(PMe3,  ’jp.c  = 24.5  Hz),  26.26  (PMe3,  !Jp.c  = 22.4  Hz),  aromatic:  113.96, 118.66, 118.85, 
121.56,  122.02,  125.07,  129.36,  136.40,  152.23,  153.59, 155.62, 160.24.  31PNMR 
(C6D6,  25°  C):  5 -40.31  (PMe3,  'jW-p  = 157.9  Hz,  2JP.P  = 10.0  Hz),  -24.09  (PMe3,  'jW-p  = 
190.0  Hz,  2JP.p  = 10.0  Hz). 

Synthesis  of  W(NPh)(o-(Me3SiN)?C6H4)(C6H7N)(PMe3)7  (14b) 

Following  the  procedure  used  for  the  synthesis  of  14a,  W(NPh)(o- 
(Me3SiN)2C6H4)(p-C6H7N)2  (9)  (0.20  g,  0.28  mmol)  was  reacted  with  PMe3  (0.06  mL, 
0.56  mmol).  Compound  14b  (0.19  g,  86  %)  was  isolated  as  a dark  brown  crystalline 
solid.  'H  NMR  (C6D6,  25°  C):  8 0.17  (s,  9H,  SiMe3),  0.24  (s,  9H,  SiMe3),  1.1 1 (d,  9H, 
PMe3, 2Jp-H  = 8.1  Hz ),  1.46  (d,  9H,  PMe3, 2JP.H  = 6.3  Hz),  1.83  (s,  3H,  C6H7N),  6.24  (d, 
1H,  C6H7N),  6.69  (d,  1H,  C6H7N),  6.76  (t,  1H,  p-W=NC6H5),  6.85-7.10  (m,  6H, 
aromatic),  8.51  (d,  1H,  C6H7N),  8.72  (d,  1H,  C6H7N).  13C  NMR  (C6D6, 25°  C):  5 4.20 
(SiMe3),  6.28  (SiMe3),  20.14  (C6H7N),  22.72  (PMe3,  'jP.c  = 24.2  Hz),  26.25  (PMe3,  Vc 
= 22.4  Hz),  aromatic:  113.90, 118.64,  118.87, 121.50,  122.04,  125.11,  129.37,  152.137, 
153.49,  155.79,  160.43.  31P  NMR  (C6D6,  25°  C):  5 -39.93  (PMe3,  'jW-p  = 159.0  Hz,  2JP.P 
= 10.0  Hz),  -24.09  (PMe3,  'jW-p  = 192.5  Hz,  2JP.P  = 10.0  Hz). 
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Synthesis  of  W(NPh)(o-(Me3SiN)?CfiH4)(PhC=CPh)  (15) 

A Young’s  ampoule  was  charged  with  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
(0.50  g,  0.731  mmol)  and  diphenylacetylene  (0.13  g,  0.731  mmol).  The  mixture  was 
dissolved  in  toluene  and  heated  at  55°  C for  4 hrs,  during  which  time  the  solution  became 
yellow  brown  in  color.  Removal  of  the  reaction  solvent  followed  by  extraction  with 
pentane  yielded  a dark  yellow  solution  from  which  the  solvent  was  removed  and  the 
resulting  solid  dried  in  vacuo  to  yield  0.35  g (68%)  of  (15)  as  a dark  brown  solid.  Mass 
Spec.  Calcd.  for  C32H38N3Si2W  [M  + H]+:  704.21 1 1 m/e.  Found  (FAB):  704.21 14  m/e. 
'H  NMR  (C6D6,  25°  C):  5 0.41  (s,  18H,  Me3Si),  6.81  (t,  1H,  p-W=NC6H5),  6.97  (m,  4H, 
o,m-W=NC6H5),  7.1 1 (m,  5H,  aromatic),  7.25  (m,  2H,  o-pdaC6H4),  7.36  (m,  5H, 
aromatic)  7.51  (m,  2H,  m-pdaCgFLi).  13C  NMR  (25°  C,  CeDe):  8 2.38  (SiMe3),  aromatic 
123.33,  124.70,  125.67,  128.89,  129.01,  129.16,  129.61,  130.09,  132.32,  143.10,  198.54 
(C= C). 

Reaction  of  15  With  H2  to  make  16 

In  an  NMR  tube  equipped  with  a Young  valve,  a small  sample  of  15  was 
dissolved  in  C6D6.  The  resulting  solution  was  frozen  and  the  NMR  tube  was  evacuated. 
Upon  warming  to  room  temperature,  the  Tube  was  charged  with  34  psi  of  H2.  After 
standing  at  room  temperature  for  ~10  hours  the  solution  has  changed  to  an  orange-brown 
color.  The  conversion  of  15  to  16  was  confirmed  by  *H  NMR  spectroscopy. 

Synthesis  of  W(NPh)ro-(Me3SiN)7CfiH4irri4-(CH2-C(CH3)C(CH3)=CH2)l  (17) 

To  a toluene  solution  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  (1.00  g,  1.46 
mmol)  was  added  2, 3-dimethyl- 1,3-butadiene  (0.17  mL,  1.46  mmol).  The  mixture  was 
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heated  at  60°  C for  20  hrs,  during  which  time  the  solution  became  red-brown  in  color. 
Removal  of  the  toluene  under  reduced  pressure  yield  a brown  sticky  solid,  which  was 
extracted  with  several  portions  of  pentane.  The  pentane  was  removed  under  reduced 
pressure  and  the  resulting  dark  solid  dried  in  vacuo  for  3hrs  to  give  0.65  g (73%)  of  (17). 
Mass  Spec.  Calcd.  for  C24H38N3Si2W  [M  + H]+:  608.21 14  m/e.  Found:  608.21 14  m/e. 

'H  NMR  (C6D6, 25°  C)  6 0.37  (s,  18H,  Me3Si),  1.24  (s,  6H,  diene-CH3),  1.31  (d,  2H,  cc- 
CH2,  Jh.h*  = 8.5  Hz),  2.17  (d,  2H,  0C-CH2,  Jh,h’  = 8.5  Hz),  6.85  (m,  3H,  aromatic),  7.12- 
7.20  (m,  4H,  aromatic),  7.33  (d,  2H,  aromatic).  13C  NMR  (C6D6, 25°  C)  5 2.45  (Me3Si), 

18.65  (butadiene  CH3),  50.53  (a-CH2,  'JC-h  = 143  Hz),  120.15  (p-C),  aromatic:  120.48, 
121.02,  125.33,  127.54,  128.78,  150.08. 

Synthesis  of  W(NPh)ro-(Me3SiN)7CfiH4l(n4-(CH7=CHCH^CH2)  (18) 
W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2  (8)  (1.00  g,  1.46  mmol)  was  dissolved  in  toluene 
and  placed  in  a Young’s  ampoule.  The  solution  was  then  frozen  and  the  flask  evacuated. 
Upon  warming  to  room  temperature,  the  flask  was  charged  with  1,3-butadiene  (20  psi). 
The  solution  was  stirred  at  room  temperature  for  45  min,  during  which  time  the  color 
changed  from  purple  to  red-brown.  Removal  of  the  reaction  solvent  followed  by  drying 
the  resulting  solid  in  vacuo  for  3 hrs  yielded  0.80  g (93  %)  of  (18)  as  a dark  brown  solid. 
Mass  Spec.  Calcd.  For  C22H34N3Si2W  [M  + H]+:  580.1801  m/e.  Found  (FAB): 

580.1801  m/e.  *H  NMR  (C6D6,  25°  C):  5 0.37  (s,  18H,  Me3Si),  4.59  (m,  2H,  P-CH’s,  V 
H(cis)  = 5.1  Hz, 3 J H-H(trans)  = 1.8  Hz ),  6.86-7.13  (m,  9H,  aromatic),  7.20  (d,  2H,  a-CH2), 
7.32  (d,  2H,  a-CH2).  13C  NMR  (C6D6,  25°  C):  8 2.15  (Me3Si),  43.83  (a-CH2,  'JC-h  = 149 
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Hz),  116.90  (P-CH,  'Jc-h  ^ 164  Hz),  aromatic:  118.45, 121.94, 125.62, 127.36, 128.90, 
129.66,  151.66. 

Synthesis  of  WrOC(CH^2CH2aCHQC(CH^)CH71(NPh)ro-(Me3SiN)7CfiH4l  (19) 
W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  (0.15  g,  0.25  mmol)  was  dissolved  in 
toluene  at  room  temperature.  Acetone  (0.02  mL,  0.25  mmol)  was  added  and  the  resulting 
solution  was  stirred  at  room  temperature  for  5 hrs.  During  this  time  the  solution  changed 
from  brown  to  red  in  color.  Removal  of  the  reaction  solvent  under  reduced  pressure 
yielded  a red-brown  solid  that  was  washed  with  several  portions  of  cold  (0°  C)  pentane. 
The  resulting  solid  was  dried  in  vacuo  to  give  0.102  g (61%)  as  a dark  red  solid. 

'H  NMR  (C6D6,  25°  C):  5 0.38  (s,  9H,  SiMe3),  0.48  (s,  9H,  SiMe3),  1.19  (s,  3H, 
C(CH3)),  1.24  (d,  1H,  y-CH2),  1.28,  (s,  3H,  C(CH3)),  1.59  (s,  3H,  C(CH3)2),  1.67  (s,  3H, 

C(CH3)2),  1.83  (d,  1H,  y-CH2),  2.54  (d,  1H,  a-CH2),  3.02  (d,  1H,  a-CH2),  6.71-7.20  (m, 
9H,  aromatic). 

Synthesis  of  W(CH2CH?CH?CH?)(NPh)ro-(Me3SiN)2CfiH4l  (20) 
W(NPh)(o-(Me3SiN)2C6H4)(CsH5N)2  (8)  (0.535  g,  0.78  mmol)  was  placed  in  a 
Young’s  ampoule  and  dissolved  in  toluene.  The  sample  was  frozen  and  the  flask 
evacuated.  Upon  warming  to  room  temperature,  the  flask  was  pressurized  with  ethylene 
(20  psi).  An  immediate  color  change  from  purple  to  orange  was  observed.  The  reaction 
was  stirred  at  room  temperature  for  an  additional  30  min,  during  which  time  the  solution 
became  yellow-brown  in  color.  Removal  of  the  reaction  solvent  in  vacuo  yielded  a 
brown  sticky  solid.  Subsequent  extraction  with  several  portions  of  pentane  followed  by 
solvent  evaporation  under  reduced  pressure  yielded  0.300  g (66  %)  of  (20)  as  a yellow- 
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brown  solid.  Anal.  Calcd.  For  C22H35N3Si2W:  C 45.43,  H 6.07,  N 7.23.  Found:  C 
45.19,  H5.97,  N 7.03.  ’H  NMR  (C6D6,  25°  C):  5 0.28  (s,  18H,  NSiMe3),  1.54  (m,  2H,  p- 
CH),  2.42  (m,  2H,  p-CH’),  2.91  (m,  2H,  a-CH),  2.93  (m,  2H,  a-CH’),  6.86-7.44  (m,  9H, 
aromatic).  13C  NMR  (C6D6, 25°  C):  6 1.08  (NSiMe3),  35.23  (p-C),  61.25  (a-C). 

Synthesis  of  W(NPh)(o-(Me^SiN)7.CfiH4)(CsH3N)?(Ti2-ethvlene)  (21) 

A toluene  solution  of  W(NPh)(o-(Me3SiN)2C6H4)(C6FI7N)2  (9)  in  a Young’s 
ampoule  was  exposed  to  a positive  pressure  of  ethylene  at  -78°  C.  An  immediate  color 
change  from  purple  to  orange-brown  was  observed  upon  addition  of  ethylene.  The 
reaction  flask  was  immediately  evacuated  to  remove  excess  ethylene.  Subsequent 
removal  of  the  reaction  solvent  gave  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(r|2-ethylene)] 
(21)  as  an  extremely  unstable  orange-brown  solid.  The  compound  decomposes  upon 
standing  above  0°  C.  ’H  NMR  (C6D6, 25°  C):  5 0.34  (s,  9H,  Me3Si),  0.35  (s,  9H,  Me3Si), 
1.51  (s,  6H,  C6H7N),  3.10  (s,  4H,  ethylene),  6.26  (d,  4H,  m-C6H7N),  6.55-7.20  (m,  9H, 
aromatic),  8.89  (d,  4H,  o-C6H7N).  13C  NMR  (C6D6,  25°  C):  5 3.78  (Me3Si),  5.76  (Me3Si), 
20.60  (C6H7N),  61.32  (ethylene),  aromatic:  115.24,  117.77,  117.86,  121.88,  123.92, 
124.83,  126.03,  128.90,  129.53, 129.66,  153.66. 

Synthesis  of  ro-(Me^SiN)2CftH4l(NPh)W(SC4H4)  (22) 

A Young’s  ampoule  was  charged  with  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
(0.30  g,  0.44  mmol)  and  50  mL  of  toluene.  Thiophene  (0.07  mL,  0.88  mmol)  was  added 
and  the  reaction  heated  at  65°  C for  12  hrs,  during  which  time  the  solution  became  red  in 
color.  The  reaction  solvent  was  stripped  under  reduced  pressure  and  the  resulting  solid 
extracted  with  several  portions  of  hexane.  Subsequent  drying  of  the  red  filtrate  in  vacuo 
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yielded  0.16  g (60  %)  of  22  as  a dark  red  solid.  'H  NMR  (25°  C,  C6D6):  6 0.39  (s,  9H, 
Me3Si),  0.50  (s,  9H,  Me3Si),  6.70  (dd,  1H,  p-CH,  3JH-h  = 6.6  and  9.0  Hz),  6.71  (t,  1H,  p- 
W=N(C6H5),  6.94-7.02  (m,  4H,  aromatic),  7.30  (m,  2H,  m-  pdaC6H4),  8.01  (d,  1H,  a- 
CH,  3Jh.h  = 9.0  Hz),  8.20  (dd,  1H,  y-CH,  3JH.H  = 6.6  and  12.9  Hz),  9.00  (d,  1H,  p-CH,  3JH. 

H = 12.9  Hz).  13C  NMR  (25°  C,  C6D6):  6 1.81  (Me3Si),  2.19  (Me3Si),  121.47, 122.44, 
124.58,  125.67,  126.15,  126.34,  131.97,  133.11, 137.28,  139.16,  140.53,  186.38. 

Synthesis  of  ro-(Me.SiN)?C6H4l(NPh)W(SC3H6)  (23) 

A Young’s  ampoule  was  charged  with  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
(0.50  g,  0.73  mmol)  and  100  mL  of  toluene.  2-methylthiophene  (0.14  mL,  1.46  mmol) 
was  added  and  the  reaction  heated  at  65°  C for  9 hrs,  during  which  time  the  solution 
became  red  in  color.  The  reaction  solvent  was  removed  under  reduced  pressure  and  the 
resulting  solid  extracted  with  several  portions  of  cyclohexane.  Subsequent  drying  of  the 
red  filtrate  in  vacuo  yielded  0.36  g (79  %)  of  23  as  a dark  red  solid.  'H  NMR  (25°  C, 

C6D6):  6 0.40  (s,  9H,  Me3Si),  0.51  (s,  9H,  Me3Si),  2.38  (s,  3H,  CH3),  6.30  (t,  1H,  p- 
W=NPh),  6.52  (d,  1H,  y-CH,  3Jh-h  = 7 Hz),  6.97-7.14  (m,  4H,  aromatic),  7.28  (m,  2H,  o- 
pda),  7.34  (m,  2H,  m-pda),  8.21  (dd,  1H,  p-CH,  3JH.H  = 7 and  13  Hz)  8.89  (d,  1H,  cc-CH, 
3JH-h  = 13  Hz).  13C  NMR  (25°  C,  C6D6):  5 1.85  (Me3Si),  2.27  (Me3Si),  30.43  (CH3), 
121.35,  122.46,  124.45,  125.52,  126.01,  126.21,  137.49,  140.71,  142.07,  144.98,  157.64, 


184.81. 
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Synthesis  of  ro-(Me^SiN)2C6H4l(NPh)W(SCsHfi)  (24) 

A Young’s  ampoule  was  charged  with  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
(0.30  g,  0.44  mmol)  and  75  mL  of  toluene.  Benzothiophene  (0.12  g,  0.88  mmol)  was 
added  and  the  reaction  heated  at  65°  C for  7 hrs,  during  which  time  the  solution  became 
red-brown  in  color.  The  reaction  solvent  was  removed  under  reduced  pressure.  Attempts 
to  extract  the  product  led  to  decomposition.  By  'H  NMR  spectroscopy,  the  yield  of 
compound  24  was  calculated  to  be  (50  %).  ]H  NMR  (25°  C,  C6D6):  8 0.37  (s,  9H, 
Me3Si),  0.48  (s,  9H,  Me3Si),  6.56  (t,  1H,  p-W=NC6H5),  6.92-7.32  (m,  12H,  aromatic), 
8.52  (d,  1H,  a-CH,  3JH.H  = 13.2  Hz),  8.67  (d,  1H,  p-CH,  3JH.H  = 13.2  Hz). 

Synthesis  of  ro-(Me3SiN)7C6H4l(NPh)W(SC5H6)  (25a,b) 

A Young’s  ampoule  was  charged  with  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8) 
(0.50  g,  0.73  mmol)  and  100  mL  of  toluene.  3-methylthiophene  (0.14  mL,  1.46  mmol) 
was  added  and  the  reaction  heated  at  65°  C for  8 hrs,  during  which  time  the  solution 
became  red-brown  in  color.  The  reaction  solvent  was  removed  under  reduced  pressure 
and  the  resulting  solid  extracted  with  several  portions  of  pentane.  Concentration  of  the 
red  filtrate  followed  by  cooling  (-78°  C)  yielded  0.32  g (69  %)  of  25a  and  25b  as  a dark 
red  solid.  ]H  NMR  (25°  C,  C6D6):  25a,  8 0.43  (s,  9H,  Me3Si),  0.52  (s,  9H,  Me3Si),  1.98 
(s,  3H,  CH3),  6.57  (d,  1H,  P-CH,  3JH.H  = 10  Hz),  8.00  (d,  1H,  a-CH,  3JH.H  = 10  Hz),  8.75 
(s,  1H,  S-CH),  13C  NMR  (25°  C,  C6D6):  8 1.83  (Me3Si),  2.23  (Me3Si),  24.48.  25b,  0.42 
(s,  9H,  Me3Si),  0.51  (s,  9H,  Me3Si),  2.05  (s,  3H,  CH3),  7.79  (s,  1H,  a-CH),  8.04  (d,  1H, 
a-CH,  3JH-h  = 13  Hz),  8.98  (d,  1H,  S-CH,  3JH.H  = 13  Hz).  13C  NMR  (25°  C,  C6D6):  25a, 
8 1.75  (Me3Si),  1.90  (Me3Si),  24.48  (CH3),  25b,  8 1.83  (Me3Si),  2.23  (Me3Si),  30.21 
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(CH3).  Aromatics  for  25a  and  25b:  120.98, 121.33, 121.40, 121.44,  122.33, 122.48, 
124.34,  125.40,  125.48,  126.11,  126.17,  126.23,  126.26,  134.30,  135.19,  137.79,  137.87, 
139.28,  141.08,  143.33, 148.08, 184.57, 186.82. 

Reaction  of  W(CH7CH2CH^CH7)fNPh)ro-(Me3SiN)?C6H4l  (20)  with  EtAlCh 
In  a resealable  NMR  tube,  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20) 
(0.02  g,  0.03  mmol)  was  dissolved  in  CgD6.  2 equivalents  of  EtAlCl2  (0.038  mL,  0.06 
mmol)  were  then  added  to  the  resulting  solution  and  the  NMR  tube  sealed.  The  sample 
was  placed  in  the  NMR  probe  and  successive  spectra  were  measured.  Over  time,  the 
formation  of  1 -butene  was  observed  as  the  major  organic  product  from  the  Lewis  acid 
assisted  decomposition  of  20. 

Ethylene  Dimerization 

Typical  reaction  conditions  for  the  catalytic  dimerization  of  ethylene  are  as 
follows.  Inside  the  dry  box,  a Parr  high  pressure  reactor  was  charged  with  toluene  (50 
mL),  W(NPh)(o-(Me3SiN)2C6H4)Cl2  (28)  (0.050  g,  0.08  mmol)  or 
W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  (0.046  g,  0.08  mmol)  and  EtAlCl2  (3- 
15  equivalents).  The  reactor  was  then  sealed  and  removed  from  the  box  imediately.  The 
reactor  was  heated  at  70°  C for  10  minutes  at  which  time  the  reactor  was  pressurized  with 
ethylene  (50-500  psi)  drawn  directly  from  the  cylinder  without  further  drying.  The 
mixture  was  stirred  room  temperature  until  the  added  ethylene  had  been  consumed.  The 
resulting  mixture  was  analyzed  by  Gas  Chromatography  and  NMR  spectroscopy  as 
described  in  Chapter  6. 
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Hexene  Dimerization 

Inside  the  dry  box  an  ampoule  equipped  with  a resealable  valve  was  charged  with 
toluene  (50  mL),  W(NPh)(o-(Me3SiN)2C6H4)Cl2  (28)  (0.050  g,  0.08  mmol)  or 
W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  (0.046  g,  0.08  mmol)  and  EtAlCl2  (3- 
15  equivalents).  The  ampoule  was  then  sealed  and  removed  from  the  box  immediately. 
Upon  heating  (90°  C)  the  reaction  vessel  in  an  oil  bath  for  1 0 minutes  to  allow  for 
catalyst  aging,  excess  1 -hexene  was  added  to  the  solution  containg  the  activated  catalyst. 
Aliquots  were  taken  at  predetermined  intervals  using  a syringe.  The  aliquots  were  then 
analyzed  by  Gas  Chromatography,  'H  NMR  and  13C  NMR  spectroscopies. 

Additional  Dimerization  Experiments 

For  the  dimerization  studies  of  1-pentene,  1-octene,  1-decene,  Cm  a-olefin, 
cyclohexene  and  1 ,7-octadiene,  a similar  procedure  to  that  described  for  the  dimerization 
of  1 -hexene  was  utilized.  The  only  variation  in  these  experiments  was  the  reaction 
temperature.  A list  of  reaction  temperatures  corresponding  to  the  substrates  listed  above 
was  presented  in  Table  6.1  and  should  be  refered  to  for  exact  reaction  conditions  for  these 
dimerization  experiments. 

Crystallographic  Studies 

X-ray  Data  Collection  and  Structure  Refinement  for  Compounds  4 and  5. 

Data  for  4 and  5 were  collected  at  173  K on  a Siemens  SMART  PLATFORM 
equipped  with  A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa 
radiation  (k  = 0.71073  A).  Cell  parameters  for  each  structure  were  refined  using  up  to 
8192  reflections  and  a hemisphere  of  data  (1381  frames)  was  collected  using  the  co-scan 
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method  (0.3°  frame  width).  The  first  50  frames  were  remeasured  at  the  end  of  data 
collection  to  monitor  instrument  and  crystal  stability  (maximum  correction  on  I was  < 1 
%).  Absorption  corrections  by  integration  were  applied  based  on  measured  indexed 
crystal  faces. 

The  structures  of  4 and  5 were  solved  by  the  Direct  Methods  in  SHELXTL5,201 
and  refined  using  full-matrix  least  squares.  The  non-H  atoms  were  treated 
anisotropically,  whereas  the  hydrogen  atoms  were  calculated  in  ideal  positions  and  were 
riding  on  their  respective  carbon  atoms.  For  4,  the  C7  phenyl  ring  was  found  to  be 
disordered  and  was  refined  in  two  parts.  Their  site  occupation  factors  were  dependently 
refined  to  0.66(1)  for  the  major  part,  and  consequently  0.34(1)  for  the  minor  part.  For  5, 
there  are  two  chemically  equivalent  but  crystallographically  independent  complexes  in 
the  asymmetric  unit.  A total  of  301  parameters  of  4 were  refined  in  the  final  cycle  of 
refinement  using  4221  reflections  with  I > 2a(I)  to  yield  Ri  and  wR2  of  3.71%  and 
5.53%,  respectively.  For  5,  a total  of  841  parameters  were  refined  in  the  final  cycle  of 
refinement  using  13192  reflections  with  I > 2ct(I)  to  yield  Ri  and  wR2  of  3.28%  and 
6.16%,  respectively.  Refinement  of  4 and  5 was  done  using  F2.  The  final  atomic 
coordinates,  bond  lengths  and  angles  for  the  non-hydrogen  atoms  of  4 and  5 are  given  in 
Tables  B.1-B.5  and  B.6-B.10  of  Appendix  B. 

X-ray  Data  Collection  and  Structure  Refinement  for  Compounds  9 and  12a. 

Data  for  9 and  12a  were  collected  at  173  K on  a Siemens  SMART  PLATFORM 
equipped  with  A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa 

radiation  (k  = 0.71073  A).  Cell  parameters  were  refined  using  up  to  8192  reflections.  A 
hemisphere  of  data  (1381  frames)  was  collected  using  the  co-scan  method  (0.3°  frame 
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width).  The  first  50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor 
instrument  and  crystal  stability  (maximum  correction  on  I was  <1  %).  Absorption 
corrections  by  integration  were  applied  based  on  measured  indexed  crystal  faces. 

The  structures  were  solved  by  the  Direct  Methods  in  SHELXTL5,  {Sheldrick  1986 
#1 } and  refined  using  full-matrix  least  squares.  The  non-H  atoms  were  treated 
anisotropically,  whereas  the  hydrogen  atoms  were  calculated  in  ideal  positions  and  were 
riding  on  their  respective  carbon  atoms.  For  compound  9,  the  N 1 imido  and  the  N5 
methylpyridyl  ligands  are  slightly  disordered  in  their  planes  but  could  not  be  resolved. 
This  is  evidenced  by  the  larger  than  normal  and  elongated  thermal  ellipsoids  of  their 
atoms.  A total  of  351  parameters  were  refined  in  the  final  cycle  of  refinement  using  6092 
reflections  with  I > 2g(I)  to  yield  Ri  and  WR2  of  2.48%  and  5.63%,  respectively. 
Refinement  was  done  using  F . For  compound  12a  the  asymmetric  unit  consists  of  one 
complex  and  a half  diethyl  ether  disordered  over  a center  of  inversion  (1/2  ether  in  the 
asymmetric  unit).  The  ether  was  refined  in  two  parts  and  their  occupancy  was  fixed  at 
50%  due  to  symmetry.  A total  of  369  parameters  were  refined  in  the  final  cycle  of 
refinement  using  6907  reflections  with  I > 2a(I)  to  yield  Ri  and  wR2  of  3.07%  and 
7.48%,  respectively.  Refinement  was  done  using  F2.  The  final  atomic  coordinates,  bond 
lengths  and  angles  for  the  non-hydrogen  atoms  of  9 and  12a  are  given  in  Tables  B.l  1- 
B.15  and  B.16-B.20  of  Appendix  B. 

X-ray  Data  Collection  and  Structure  Refinement  for  Compound  14a, 

Data  were  collected  at  173  K on  a Siemens  SMART  PLATFORM  equipped  with 
A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa  radiation  ( X = 
0.71073  A).  Cell  parameters  were  refined  using  up  to  8192  reflections.  A hemisphere  of 
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data  (1381  frames)  was  collected  using  the  ©-scan  method  (0.3°  frame  width).  The  first 
50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor  instrument  and  crystal 
stability  (maximum  correction  on  I was  < 1 %).  Absorption  corrections  by  integration 
were  applied  based  on  measured  indexed  crystal  faces. 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms  were  treated  anisotropically,  whereas  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their  respective 
carbon  atoms.  A heavily  disordered  pentane  molecule  was  observed  in  the  lattice  and 
could  not  be  resolved.  Thus  program  PLATON/SQUEEZE  was  used  to  remove  its 
intensity  contribution  to  the  reflection  data  and  the  structure  was  solved  and  refined 
without  the  solvent  molecule.  A total  of  697  parameters  were  refined  in  the  final  cycle  of 
refinement  using  13661  reflections  with  I > 2ct(I)  to  yield  Ri  and  wR2  of  4.28%  and 
9.03%,  respectively.  Refinement  was  done  using  F2.  The  final  atomic  coordinates,  bond 
lengths  and  angles  for  the  non-hydrogen  atoms  of  14a  are  given  in  Tables  B.21-B.25  of 
Appendix  B. 

X-ray  Data  Collection  and  Structure  Refinement  for  Compound  15. 

Data  for  15  were  collected  at  173  K on  a Siemens  SMART  PLATFORM 
equipped  with  A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa 
radiation  (X  = 0.71073  A).  Cell  parameters  were  refined  using  up  to  8192  reflections.  A 
hemisphere  of  data  (1381  frames)  was  collected  using  the  ©-scan  method  (0.3°  frame 
width).  The  first  50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor 
instrument  and  crystal  stability  (maximum  correction  on  I was  < 1 %).  Absorption 
corrections  by  integration  were  applied  based  on  measured  indexed  crystal  faces. 
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The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms  were  treated  anisotropically,  whereas  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their  respective 
carbon  atoms.  The  N1  imido  and  the  N5  methylpyridyl  ligands  are  slightly  disordered  in 
their  planes  but  could  not  be  resolved.  This  is  evidenced  by  the  larger  than  normal  and 
elongated  thermal  ellipsoids  of  their  atoms.  A total  of  349  parameters  were  refined  in  the 
final  cycle  of  refinement  using  6182  reflections  with  I > 2a(I)  to  yield  Ri  and  wR2  of 
2.08%  and  4.87%,  respectively.  Refinement  was  done  using  F2.  The  final  atomic 
coordinates,  bond  lengths  and  angles  for  the  non-hydrogen  atoms  of  15  are  given  in 
Tables  B.26-B.30  of  Appendix  B. 

X-ray  Data  Collection  and  Structure  Refinement  for  Compound  17. 

Data  were  collected  at  173  K on  a Siemens  SMART  PLATFORM  equipped  with 
A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa  radiation  (X  = 

0.71073  A).  Cell  parameters  were  refined  using  up  to  8192  reflections.  A hemisphere  of 
data  (1381  frames)  was  collected  using  the  co-scan  method  (0.3°  frame  width).  The  first 
50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor  instrument  and  crystal 
stability  (maximum  correction  on  I was  < 1 %).  Absorption  corrections  by  integration 
were  applied  based  on  measured  indexed  crystal  faces. 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms  were  treated  anisotropically,  whereas  the 
methyl  hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their 
respective  carbon  atoms.  The  asymmetric  unit  consisted  of  two  W complexes.  A total  of 
589  parameters  were  refined  in  the  final  cycle  of  refinement  using  19003  reflections  with 
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I > 2ct(I)  to  yield  Rj  and  WR2  of  3.00%  and  6.55%,  respectively.  Refinement  was  done 

2 

using  F . The  final  atomic  coordinates,  bond  lengths  and  angles  for  the  non-hydrogen 
atoms  of  17  are  given  in  Tables  B.31-B.35  of  Appendix  B. 

X-ray  Data  Collection  and  Structure  Refinement  for  Compound  19. 

Data  were  collected  at  173  K on  a Siemens  SMART  PLATFORM  equipped  with  A CCD 
area  detector  and  a graphite  monochromator  utilizing  MoK«  radiation  (X  = 0.71073  A). 
Cell  parameters  were  refined  using  up  to  8192  reflections.  A hemisphere  of  data  (1381 
frames)  was  collected  using  the  co-scan  method  (0.3°  frame  width).  The  first  50  frames 
were  remeasured  at  the  end  of  data  collection  to  monitor  instrument  and  crystal  stability 
(maximum  correction  on  I was  < 1 %).  Absorption  corrections  by  integration  were 
applied  based  on  measured  indexed  crystal  faces. 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms  were  treated  anisotropically,  whereas  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their  respective 
carbon  atoms,  excpet  the  C29  proton  which  was  obtained  from  a Difference  Fourrier  map 
and  refined  freely.  A total  of  367  parameters  were  refined  in  the  final  cycle  of  refinement 
using  4634  reflections  with  I > 2a(I)  to  yield  Ri  and  wR2  of  5.59%  and  9.23%, 

respectively.  Refinement  was  done  using  F2.  The  final  atomic  coordinates,  bond  lengths 
and  angles  for  the  non-hydrogen  atoms  of  19  are  given  in  Tables  B.36-B.40  of 
Appendix  B. 
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X-ray  Data  Collection  and  Structure  Refinement  for  Compound  22. 

Data  for  22  were  collected  at  1 73  K on  a Siemens  SMART  PLATFORM 
equipped  with  A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa 
radiation  (A,  = 0.71073  A).  Cell  parameters  were  refined  using  up  to  8192  reflections.  A 
hemisphere  of  data  (1381  frames)  was  collected  using  the  ©-scan  method  (0.3°  frame 
width).  The  first  50  frames  were  remeasured  at  the  end  of  data  collection  to  monitor 
instrument  and  crystal  stability  (maximum  correction  on  I was  < 1 %).  Absorption 
corrections  by  integration  were  applied  based  on  measured  indexed  crystal  faces. 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and  refined  using 
full-matrix  least  squares.  The  non-H  atoms,  except  the  disorder,  were  treated 
anisotropically,  whereas  the  methyl  hydrogen  atoms  were  calculated  in  ideal  positions 
and  were  riding  on  their  respective  carbon  atoms.  The  S1-C22  is  found  to  be  disordered 
by  a 180°  rotation  and  was  refined  in  two  parts.  The  major  part  represented  by  the  Sl- 
C22  chain  and  the  minor  part  by  SI  ’-C22’.  Their  site  occupation  factors  were 
dependently  refined  to  0.55(1)  for  the  major  part  and,  consequently,  0.45(1)  for  the  minor 
part.  All  atoms  of  the  disorder  were  refined  with  isotropic  thermal  parameters.  The  W- 
S 1 and  W-S 1 ’ bonds  were  constrained  to  be  equivalent  during  refinement.  Similarly,  W- 
C22  and  W-C22’  were  also  constrained  to  remain  equivalent.  A total  of  264  parameters 
were  refined  in  the  final  cycle  of  refinement  using  5106  reflections  with  I > 2a(I)  to  yield 
Ri  and  WR2  of  2.64%  and  6.48%,  respectively.  Refinement  was  done  using  F2.  The  final 
atomic  coordinates,  bond  lengths  and  angles  for  the  non-hydrogen  atoms  of  22  are  given 
in  Tables  B.41-B.44  of  Appendix  B. 
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NUCLEAR  MAGNETIC  RESONANCE  SPECTRA 
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Figure  A-l.  Proton  NMR  of  W(NPh)(CH2CH2CH2Ph)2(o-(Me3SiN)2C6H4)  (2)  in  C6D6. 
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Figure  A-2.  Carbon  NMR  of  W(NPh)(CH2CH2CH2Ph)2(o-(Me3SiN)2C6H4)  (2)  in  C6D6. 
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Figure  A-3.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](r|4-ethylbenzene)  (3)  in  CeD6. 
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Figure  A-4.  Carbon  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](r|4-ethylbenzene)  (3)  in  CgDg. 
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Figure  A-5.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](r|4-propylbenzene)  (4)  in  CeDg. 
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Figure  A-6.  Carbon  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](r|4-propylbenzene)  (4)  in 

C6D6- 
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I 1 

Figure  A-7.  Proton  NMR  of  [o-(Me3SiN)2C6H4)(NPh)WCH2C(Ph)=C(Ph)CHPh]  (5) 

C6D6- 


- r*. 


ppm 
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Figure  A-8.  Carbon  NMR  of  [o-(Me3SiN)2C6H4)(NPh)WCH2C(Ph)=C(Ph)CHPh]  (5) 

CgDg. 
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Figure  A-9.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](CH2CH2Ph)(Cl)  (6)  in  C6D6. 
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Figure  A-10.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](CH2CH2Ph)(Me)  (7)  in  C6D6. 
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Figure  A-ll.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  in  C6D6. 
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Figure  A-12.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2  (8)  in  C6D6. 
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Figure  A-13.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2  (9)  in  C6D6. 
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Figure  A-14.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(p-C6H7N)2  (9)  in  C6D6. 
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Figure  A-15.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C9H7N)2  (10)  in  C6D6. 
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Figure  A-16.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C9H7N)2  (10)  in  C6D6. 
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Figure  A-17.  Proton  NMR  of  [W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)]  (12a)  in 

CeDg. 
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Figure  A-18.  Carbon  NMR  of W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(CO)  (12a)  in  C6D6. 
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Figure  A-19.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)  (12b)  in  C6D6. 
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Figure  A-20.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)2(CO)  (12b)  in  C6D6. 


Figure  A-21.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)(CO)  (13a) 
C6D6. 
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Figure  A-22.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)(CO)  (13a)  in 

C6D<j. 
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Figure  A-23.  Phosphorous  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)(CO) 
(13a)  in  C6D6. 
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Figure  A-24.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)(CO)  (13b)  in 
C6D6. 
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Figure  A-25.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)(CO)  (13b)  in 

CgDg. 
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Figure  A-26.  Phosphorous  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)(CO) 
(13b)  in  C6D6. 
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Figure  A-27.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2  (14a)  in 

C6D6- 
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Figure  A-28.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2  (14a)  in 

CgDg. 
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Figure  A-29.  Phosphorous  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)(PMe3)2  (14a) 
in  C6D6. 
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Figure  A-30.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)2  (14b)  in 
C6D6. 
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Figure  A-31.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)2  (14b)  in 

CgDg. 
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Figure  A-32.  Phosphorous  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C6H7N)(PMe3)2  (14b) 
in  C6D6. 
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Figure  A-33.  Proton  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(PhC=CPh)  (15)  in  C6D6. 
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Figure  A.34.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(Ph<>CPh)  (15)  in  C6D6. 
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Figure  A-35.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4][ri4-(CH2=C(CH3) 
C(CH3)=CH2)]  (17)  in  C6D6. 
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Figure  A-36.  Carbon  NMR  of  W(NPh)[o-(Me3SiN)2C6H4][ti4-(CH2=C(CH3) 
C(CH3)=CH2)]  (17)  in  C6D6. 
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Figure  A-37.  Proton  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](Ti4-(CH2=CHCH=CH2)  (18) 
in  C6D6. 
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Figure  A-38.  Carbon  NMR  of  W(NPh)[o-(Me3SiN)2C6H4](ri4-(CH2=CHCH=CH2)  (18) 
in  C6D6. 
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Figure  A-39.  Proton  NMR  of  W(CH2CH2CH2CH2)(NPh)[o-(Me3SiN)2C6H4]  (20)  in 
C6D6. 
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Figure  A-40.  Proton  NMR  of  WCNPhXo-CMesSiN^Ce^XCsHsNMT^-ethylene)  (21) 

C6D6. 
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Figure  A-41.  Carbon  NMR  of  W(NPh)(o-(Me3SiN)2C6H4)(C5H5N)2(r|2-ethylene)  (21)  in 
C6D6. 
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Figure  A-42.  Proton  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC4H4)  (22)  in  C6D6. 
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Figure  A-43.  Carbon  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC4H4)  (22)  in  C6D6. 
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Figure  A-44.  Proton  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC5H6)  (23)  in  C6D6. 
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Figure  A-45.  Carbon  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC5H6)  (23)  in  C6D6. 
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Figure  A-46.  Proton  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC8H6)  (24)  in  C6D6. 
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Figure  A-47.  Proton  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC5H6)  (25a, b)  in  C6D6. 
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Figure  A-48.  Carbon  NMR  of  [o-(Me3SiN)2C6H4](NPh)W(SC5H6)  (25a, b)  in  C6D6. 
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Table  B-l.  Crystal  data  and  structure  refinement  for  4. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 
Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.50° 
Absorption  correction 
Max.  and  min.  transmission 
Refinement  method 
Data  / restraints  / parameters 
Goodness-of-fit  on  F2 
Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Extinction  coefficient 
Largest  diff.  peak  and  hole 


C27  H39  N3  Si2  W 

645.64 

173(2) K 

0.71073  A 

Monoclinic 

P2(l)/n 

a = 12.1874(5)  A ct=  90°. 

b=  15.6037(7)  A p=  94.317(1) 

c = 14.5968(6)  A y = 90°. 

2768.0(2)  A3 
4 

1.549  Mg/m3 
4.279  mm'1 
1296 

0.16  x 0.10  x 0.02  mm3 
1.91  to  27.50°. 

-15<h<13,  -20<k<15,  -18<1<18 
20021 

6319  [R(int)  = 0.0666] 

99.5  % 

Integration 

0.9153  and  0.5992 

Full-matrix  least-squares  on  F2 

6319/0/301 

0.961 

R1  = 0.0371,  wR2  = 0.0553  [4221] 

R1  = 0.0798,  wR2  = 0.0642 
0.00025(5) 

0.648  and  -0.725  e.A‘3 


R1  = I ( I I Fo  I - I Fc  I I ) / Z I F0  I 

wR2  = [Z[w(F02  - Fc2)2]  / Z[w(F02)2]  3 1/2 

S = [Z[w(F02  - Fc2)2]  / (n-p)] 1 /2w=  l/[a2(Fo2)+(0.0370*p)2+0.3 1 *p],  p = [max(F02  0)+  2*  Fc2]/3 
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Table  B-2.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement 

parameters  (A^x  10^)for  4.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UU  tensor. 


X 

y 

z 

U(eq) 

w 

1921(1) 

-8141(1) 

12379(1) 

23(1) 

Sil 

4436(1) 

-8744(1) 

13243(1) 

26(1) 

Si2 

-220(1) 

-9481(1) 

11993(1) 

24(1) 

N1 

2345(3) 

-8344(3) 

11272(3) 

28(1) 

N2 

3003(3) 

-8868(2) 

13202(3) 

21(1) 

N3 

989(3) 

-9198(2) 

12645(3) 

21(1) 

Cl 

1791(4) 

- 7298(3) 

13850(4) 

27(1) 

C2 

734(4) 

-7464(3) 

13505(4) 

29(1) 

C3 

413(4) 

-7335(3) 

12531(4) 

32(1) 

C4 

1090(4) 

-6800(4) 

12029(4) 

37(1) 

C5 

2148(4) 

-6625(3) 

12363(4) 

38(2) 

C6 

2575(4) 

-7000(3) 

13213(4) 

30(1) 

Cl' 

2235(4) 

-7507(4) 

14816(4) 

32(1) 

C2' 

1506(4) 

-8010(4) 

15415(3) 

34(1) 

C3' 

2121(4) 

-8235(4) 

16333(4) 

46(2) 

Cl 

2787(9) 

-8839(8) 

10586(7) 

26(3) 

C8 

2944(7) 

-8463(8) 

9709(7) 

34(2) 

C9 

3393(8) 

-8941(9) 

9016(7) 

43(3) 

CIO 

3684(8) 

-9765(8) 

9217(9) 

45(3) 

Cll 

3554(8) 

-10154(7) 

10072(8) 

46(3) 

C12 

3079(8) 

-9686(7) 

10722(8) 

36(3) 

C7' 

2697(16) 

-8626(14) 

10472(14) 

19(5) 

C8' 

2780(13) 

-8052(13) 

9732(11) 

25(4) 

C9' 

3125(15) 

-8439(15) 

8927(14) 

48(6) 

CIO' 

3465(15) 

-9328(17) 

8972(14) 

35(6) 

Cll' 

3430(20) 

-9896(18) 

9630(20) 

67(8) 

C12' 

2961(17) 

-9479(17) 

10423(17) 

48(6) 

C13 

5134(4) 

-9809(3) 

13159(4) 

32(1) 

C14 

5017(4) 

-8199(4) 

14314(4) 

41(1) 

C15 

4861(4) 

-8114(4) 

12239(4) 

42(1) 

C16 

2506(4) 

-9509(3) 

13703(3) 

22(1) 

C17 

2977(4) 

-9949(3) 

14466(3) 

25(1) 

C18 

2384(4) 

-10535(3) 

14933(3) 

29(1) 

C19 

1289(4) 

-10702(3) 

14640(3) 

30(1) 

C20 

805(4) 

-10274(3) 

13881(3) 

26(1) 

C21 

1389(3) 

-9682(3) 

13403(3) 

18(1) 

C22 

-321(4) 

-8921(4) 

10859(3) 

33(1) 

C23 

-191(4) 

-10647(3) 

11714(4) 

36(1) 

C24 

-1478(4) 

-9222(4) 

12600(4) 

36(1) 
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Table  B-3. 

Bond  lengths  [A]  and  angles  [°]  for  4. 

W-Nl 

W-N3 

W-N2 

W-C3 

W-C6 

W-C4 

W-C5 

W-C2 

W-Cl 

Sil-N2 

Sil-C15 

Sil-C14 

511- C13 

512- N3 
Si2-C23 
Si2-C22 
Si2-C24 
N1-C7' 
N1-C7 
N2-C16 
N3-C21 
C1-C2 
C1-C6 
Cl-Cl' 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
Cl'-C2' 
C2-C3' 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C7-C12' 
C7'-C8' 
C8'-C9' 
C9'-C10' 
ClO'-Cll’ 
Cll'-C12' 
C16-C17 
C16-C21 
C17-C18 
C18-C19 
C19-C20 
C20-C21 

1 .762(4) 

2.056(4) 

2.057(4) 

2.251(5) 

2.267(5) 

2.363(5) 

2.382(5) 

2.503(5) 

2.533(5) 

1.753(4) 

1.869(5) 

1.872(5) 

1.876(5) 

1.750(4) 

1.866(6) 

1.867(5) 

1.873(5) 

1.35(2) 

1.405(12) 

1.404(6) 

1.398(5) 

1.371(6) 

1.459(7) 

1.507(7) 

1.459(7) 

1.416(7) 

1.372(7) 

1.434(7) 

1.513(7) 

1.527(7) 

1.379(16) 

1.434(14) 

1.400(14) 

1.360(15) 

1.406(16) 

1.361(14) 

1.37(3) 

1.41(3) 

1.41(3) 

1.45(3) 

1.31(3) 

1.48(3) 

1.394(6) 

1 .424(6) 
1.378(7) 
1.394(6) 
1.387(6) 
1.386(6) 

N1-W-N3 

N1-W-N2 

N3-W-N2 

N1-W-C3 

103.44(16) 

102.50(16) 

77.66(14) 

119.28(19) 

Table  B-3— continued. 


N3-W-C3 

N2-W-C3 

N1-W-C6 

N3-W-C6 

N2-W-C6 

C3-W-C6 

N1-W-C4 

N3-W-C4 

N2-W-C4 

C3-W-C4 

C6-W-C4 

N1-W-C5 

N3-W-C5 

N2-W-C5 

C3-W-C5 

C6-W-C5 

C4-W-C5 

N1-W-C2 

N3-W-C2 

N2-W-C2 

C3-W-C2 

C6-W-C2 

C4-W-C2 

C5-W-C2 

Nl-W-Cl 

N3-W-C1 

N2-W-C1 

C3-W-C1 

C6-W-C1 

C4-W-C1 

C5-W-C1 

C2-W-C1 

N2-Sil-C15 

N2-Sil-C14 

C15-Sil-C14 

N2-Sil-C13 

C15-Sil-C13 

C14-Sil-C13 

N3-Si2-C23 

N3-Si2-C22 

C23-Si2-C22 

N3-Si2-C24 

C23-Si2-C24 

C22-Si2-C24 

C7-N1-C7 

C7-N1-W 

C7-N1-W 

C16-N2-Sil 

C16-N2-W 

511- N2-W 
C21-N3-Si2 
C21-N3-W 

512- N3-W 


87.89(18) 

137.97(18) 

121.20(18) 

134.90(17) 

86.29(17) 

76.44(18) 

96.40(18) 

121.15(17) 

149.34(18) 

35.63(18) 

63.21(19) 

97.33(19) 

149.88(17) 

118.93(17) 

62.78(19) 

35.83(18) 

33.61(18) 

154.42(17) 

81.98(16) 

103.08(15) 

35.25(17) 

60.90(17) 

60.60(18) 

70.16(18) 

155.83(17) 

100.72(16) 

82.52(15) 

61.50(18) 

34.85(16) 

70.79(18) 

60.50(18) 

31.60(15) 

111.4(2) 

113.1(2) 

107.9(3) 

110.8(2) 

105.1(3) 

108.2(2) 

109.6(2) 

111.1(2) 

105.3(2) 

112.0(2) 

110.1(2) 

108.5(2) 

15.9(10) 

171.0(10) 

155.2(6) 

121.9(3) 

114.5(3) 

123.5(2) 

121.6(3) 

114.7(3) 

123.7(2) 
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Table  B-3— continued. 


C2-C1-C6 

C2-C1-C1' 

C6-C1-C1' 

C2-C1-W 

C6-C1-W 

Cl’-Cl-W 

C1-C2-C3 

C1-C2-W 

C3-C2-W 

C4-C3-C2 

C4-C3-W 

C2-C3-W 

C5-C4-C3 

C5-C4-W 

C3-C4-W 

C4-C5-C6 

C4-C5-W 

C6-C5-W 

C5-C6-C1 

C5-C6-W 

C1-C6-W 

C1-C1'-C2' 

Cl'-C2'-C3' 

C12-C7-N1 

C12-C7-C8 

N1-C7-C8 

C9-C8-C7 

C10-C9-C8 

C9-C10-C1 1 

C12-C11-C10 

C11-C12-C7 

Nl-C7'-C12' 

N1-C7-C8' 

C12'-C7'-C8' 

C7'-C8'-C9' 

C8'-C9'-C10' 

Cll'-C10'-C9' 

ClO'-Cll'-Cn' 

C7'-C12'-CH' 

C17-C16-N2 

C17-C16-C21 

N2-C16-C21 

C18-C17-C16 

C17-C18-C19 

C20-C19-C18 

C21-C20-C19 

C20-C21-N3 

C20-C21-C16 

N3-C21-C16 


117.9(5) 

124.4(5) 

1 17.2(4) 
73.0(3) 
62.6(3) 
129.8(3) 
120.5(5) 
75.4(3) 
62.9(3) 
117.5(5) 
76.5(3) 
81.8(3) 
120.1(5) 
74.0(3) 
67.9(3) 
119.8(5) 
72.4(3) 
67.7(3) 
117.9(4) 
76.5(3) 
82.6(3) 
117.8(4) 
110.8(4) 
122.2(9) 
118.1(11) 
119.7(10) 
120.8(10) 
117.2(10) 
123.7(10) 
118.0(11) 
122.1(11) 
117.0(18) 
120.1(16) 
122.9(19) 
114.1(18) 
118.3(18) 
131(2) 
108(2) 
125(2) 
126.8(4) 
118.6(4) 

1 14.5(4) 
121.5(4) 
119.9(5) 
119.6(5) 
121.3(4) 
126.7(4) 
119.1(4) 

1 14.2(4) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 
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Table  B-4.  Anisotropic  displacement  parameters  (A2x  102)  for  4.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -27t2[  h2  a*2U}1  + ...  + 2 h k a*  b*  U12 


u11 

u22 

U33 

u23 

U'3 

U12 

w 

24(1) 

20(1) 

24(1) 

2(1) 

2(1) 

1(1) 

Sil 

20(1) 

25(1) 

32(1) 

-2(1) 

2(1) 

-2(1) 

Si2 

21(1) 

28(1) 

22(1) 

0(1) 

-1(1) 

2(1) 

N1 

27(2) 

30(3) 

26(2) 

3(2) 

3(2) 

-2(2) 

N2 

19(2) 

18(2) 

26(2) 

2(2) 

3(2) 

2(2) 

N3 

20(2) 

23(2) 

20(2) 

0(2) 

-2(2) 

-1(2) 

Cl 

30(3) 

16(3) 

35(3) 

-7(2) 

5(2) 

2(2) 

C2 

30(3) 

24(3) 

32(3) 

-4(2) 

4(2) 

6(2) 

C3 

29(3) 

27(3) 

38(3) 

-2(3) 

-4(2) 

4(2) 

C4 

49(3) 

25(3) 

37(3) 

7(3) 

0(3) 

8(3) 

C5 

44(4) 

21(3) 

51(4) 

7(3) 

10(3) 

3(2) 

C6 

29(3) 

20(3) 

42(3) 

-5(3) 

5(2) 

4(2) 

Cl' 

25(3) 

38(3) 

33(3) 

-9(3) 

4(2) 

-6(2) 

C2' 

32(3) 

42(4) 

29(3) 

-8(3) 

6(2) 

-1(3) 

C3' 

48(3) 

55(4) 

34(3) 

-5(3) 

9(3) 

1(3) 

C13 

25(3) 

31(3) 

42(3) 

3(3) 

9(2) 

-1(2) 

C14 

23(3) 

43(4) 

55(4) 

-17(3) 

-7(2) 

1(3) 

C15 

30(3) 

41(3) 

57(4) 

8(4) 

16(2) 

-7(3) 

C16 

24(3) 

17(3) 

25(3) 

-4(2) 

5(2) 

-1(2) 

C17 

14(2) 

35(3) 

26(3) 

2(2) 

-1(2) 

3(2) 

C18 

28(3) 

31(3) 

28(3) 

11(3) 

3(2) 

4(2) 

C19 

30(3) 

35(3) 

25(3) 

8(3) 

3(2) 

-7(3) 

C20 

22(3) 

27(3) 

31(3) 

2(2) 

6(2) 

-5(2) 

C21 

19(2) 

15(3) 

19(2) 

-1(2) 

4(2) 

4(2) 

C22 

31(3) 

39(3) 

28(3) 

3(3) 

-5(2) 

2(3) 

C23 

36(3) 

35(3) 

37(3) 

1(3) 

1(2) 

-3(3) 

C24 

21(3) 

51(4) 

36(3) 

3(3) 

4(2) 

0(3) 
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Table  B-5.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A^x 
10  3)  for  4. 


X 

y 

z 

U(eq) 

H2A 

207 

-7664 

13903 

34 

H3A 

-226 

-7599 

12245 

38 

H4A 

810 

-6563 

11459 

45 

H5A 

2596 

-6255 

12033 

46 

H6A 

3346 

-7053 

13357 

36 

Hl'A 

2427 

-6960 

15132 

38 

Hl’B 

2928 

- 7832 

14778 

38 

H2’A 

1261 

-8544 

15094 

41 

H2'B 

845 

-7668 

15524 

41 

H3'l 

2767 

-8584 

16225 

68 

H3'2 

1633 

-8557 

16711 

68 

H3'3 

2358 

- 7706 

16653 

68 

H8A 

2742 

-7883 

9597 

40 

H9A 

3490 

-8700 

8430 

51 

H10A 

3992 

-10097 

8755 

54 

HI  1A 

3790 

-10725 

10191 

56 

H12A 

2943 

-9952 

11288 

43 

H8’A 

2617 

-7459 

9772 

30 

H9'A 

3133 

-8124 

8371 

57 

H10B 

3760 

-9535 

8430 

42 

hub 

3674 

-10474 

9608 

80 

H12B 

2828 

-9828 

10936 

57 

H13A 

5102 

-10119 

13740 

48 

H13B 

5905 

-9721 

13033 

48 

H13C 

4761 

-10144 

12660 

48 

H14A 

4749 

-7607 

14323 

61 

H14B 

5822 

-8199 

14329 

61 

H14C 

4784 

-8506 

14852 

61 

H15A 

4612 

-8409 

11668 

63 

H15B 

5664 

-8061 

12279 

63 

H15C 

4529 

-7542 

12245 

63 

H17A 

3723 

-9841 

14668 

30 

H18A 

2720 

-10825 

15453 

35 

H19A 

878 

-11108 

14958 

36 

H20A 

58 

-10388 

13686 

31 

H22A 

-438 

-8307 

10953 

50 

H22B 

-940 

-9157 

10471 

50 

H22C 

363 

-9007 

10557 

50 

H23A 

445 

-10770 

11363 

54 

H23B 

-869 

-10804 

11349 

54 

H23C 

-134 

-10980 

12285 

54 

H24A 

-1525 

-9610 

13123 

54 

H24B 

-2134 

-9291 

12175 

54 

H24C 

-1435 

-8629 

12821 

54 
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Table  B-6.  Crystal  data  and  structure  refinement  for  5. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 

Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.50° 
Absorption  correction 
Maximum  and  minimum  transmission 

Refinement  method 

Data  / restraints  / parameters 

Goodness-of-fit  on  F^ 

Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Largest  diflf.  peak  and  hole 


C40  H46  N3  Si2  W 

808.83 

173(2)  K 

0.71073  A 

Monoclinic 

P2(l)/n 


a = 18.4684(8)  A 

a=  90°. 

b = 20.4038(9)  A 

(3=  109.780(1)°. 

c = 20.9892(9)  A 

y = 90°. 

7442.6(6)  A3 
8 

1.444  Mg/m3 

3.200  mm' 1 
3272 

0.20  x 0.19  x 0.18  mm3 
1.62  to  27.50°. 

-23<h<18,  -26<k<25,  -22<1<27 
51240 

19090  [R(int)  = 0.0452] 

99.7  % 

Empirical 
0.643  and  0.547 

Full-matrix  least-squares  on  F3 
17049/0/841 

1.072 

R1  = 0.0328,  wR2  = 0.0616  [13192] 
R1  = 0.0548,  wR2  = 0.0705 

1.438  and -1.003  e.A'3 
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Table  B-7.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement 

parameters  (A^x  1C)3)  for  5.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UU  tensor. 


X 

y 

z 

U(eq) 

w 

3259(1) 

9238(1) 

279(1) 

26(1) 

Cl 

3691(2) 

9667(2) 

-463(2) 

30(1) 

C2 

2884(2) 

9871(2) 

-855(2) 

28(1) 

C3 

2323(2) 

9411(2) 

-940(2) 

27(1) 

C4 

2578(2) 

8741(2) 

-666(2) 

33(1) 

C5 

2740(2) 

10544(2) 

-1152(2) 

32(1) 

C6 

2921(3) 

11106(2) 

- 757(2) 

41(1) 

Cl 

2801(3) 

11722(2) 

-1060(2) 

50(1) 

C8 

2518(3) 

11781(2) 

-1748(3) 

57(1) 

C9 

2348(3) 

11232(3) 

-2144(3) 

61(1) 

CIO 

2456(3) 

10615(2) 

-1848(2) 

49(1) 

Cll 

1486(2) 

9545(2) 

-1261(2) 

28(1) 

C12 

1128(2) 

10101(2) 

-1126(2) 

35(1) 

C13 

343(2) 

10198(2) 

-1441(3) 

46(1) 

C14 

-88(3) 

9753(2) 

-1907(2) 

50(1) 

C15 

257(2) 

9198(2) 

-2050(2) 

42(1) 

C16 

1034(2) 

9087(2) 

-1725(2) 

33(1) 

C18 

2990(2) 

8323(2) 

-1031(2) 

38(1) 

C19 

3113(3) 

8517(2) 

-1615(2) 

48(1) 

C20 

3494(3) 

8116(3) 

-1936(3) 

68(2) 

C21 

3743(3) 

7505(3) 

-1683(4) 

84(2) 

C22 

3620(3) 

7295(3) 

-1101(4) 

84(2) 

C23 

3239(3) 

7699(2) 

-771(3) 

60(1) 

N1 

3936(2) 

8649(2) 

705(2) 

31(1) 

C24 

4465(2) 

8192(2) 

1082(2) 

30(1) 

C25 

4956(2) 

7875(2) 

803(2) 

38(1) 

C26 

5497(3) 

7442(2) 

1196(2) 

50(1) 

C27 

5553(3) 

7324(2) 

1856(2) 

50(1) 

C28 

5063(3) 

7624(2) 

2128(2) 

46(1) 

C29 

4517(2) 

8062(2) 

1745(2) 

37(1) 

Sil 

1781(1) 

8642(1) 

738(1) 

35(1) 

C30 

2343(3) 

7873(2) 

814(2) 

46(1) 

C31 

834(3) 

8539(2) 

47(3) 

54(1) 

C32 

1639(3) 

8799(2) 

1563(2) 

46(1) 

N2 

2304(2) 

9295(1) 

553(2) 

29(1) 

C33 

2122(2) 

9950(2) 

624(2) 

26(1) 

C34 

1406(2) 

10182(2) 

625(2) 

31(1) 

C35 

1307(2) 

10835(2) 

743(2) 

37(1) 

C36 

1922(2) 

11275(2) 

851(2) 

37(1) 

C37 

2619(2) 

11065(2) 

850(2) 

32(1) 

C38 

2741(2) 

10397(2) 

742(2) 

28(1) 

N3 

3442(2) 

10115(1) 

772(2) 

27(1) 

Si2 

4346(1) 

10476(1) 

1215(1) 

31(1) 

C39 

5101(2) 

9826(2) 

1423(2) 

42(1) 

C40 

4602(2) 

1 1 140(2) 

720(2) 

37(1) 

C41 

4329(3) 

10829(3) 

2030(2) 

54(1) 

W 

2932(1) 

9151(1) 

4497(1) 

27(1) 

Cl' 

3985(2) 

9503(2) 

5250(2) 

35(1) 
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Table  B-7— continued. 


C2' 

3497(2) 

9759(2) 

5629(2) 

31(1) 

C3' 

2955(2) 

9332(2) 

5709(2) 

28(1) 

C4' 

2937(2) 

8657(2) 

5432(2) 

29(1) 

C5' 

3589(2) 

10443(2) 

5885(2) 

37(1) 

C6' 

3626(3) 

10962(2) 

5466(2) 

51(1) 

CT 

3679(3) 

11605(2) 

5697(3) 

71(2) 

C8' 

3702(3) 

11736(3) 

6342(3) 

74(2) 

C9' 

3703(3) 

11227(3) 

6773(3) 

67(2) 

CIO' 

3641(3) 

10583(2) 

6546(2) 

49(1) 

cir 

2354(2) 

9514(2) 

6005(2) 

31(1) 

C12' 

1932(2) 

10090(2) 

5864(2) 

35(1) 

C13' 

1386(3) 

10228(2) 

6157(2) 

46(1) 

C14' 

1254(3) 

9786(2) 

6612(2) 

47(1) 

C15' 

1657(3) 

9214(2) 

6760(2) 

45(1) 

C16' 

2201(2) 

9071(2) 

6457(2) 

35(1) 

C18' 

3567(2) 

8178(2) 

5780(2) 

31(1) 

C19' 

4116(2) 

8295(2) 

6409(2) 

42(1) 

C20' 

4654(3) 

7817(2) 

6730(2) 

50(1) 

C21' 

4648(3) 

7214(2) 

6432(2) 

51(1) 

C22' 

4113(3) 

7093(2) 

5806(2) 

48(1) 

C23' 

3579(2) 

7566(2) 

5480(2) 

39(1) 

Nl' 

3210(2) 

8534(2) 

4050(2) 

33(1) 

C24' 

3394(2) 

8042(2) 

3671(2) 

32(1) 

C25' 

4114(2) 

7747(2) 

3891(2) 

39(1) 

C26' 

4282(3) 

7258(2) 

3506(2) 

44(1) 

C27' 

3741(3) 

7058(2) 

2909(2) 

47(1) 

C28' 

3024(3) 

7348(2) 

2686(2) 

50(1) 

C29' 

2851(3) 

7842(2) 

3064(2) 

42(1) 

Sit' 

1043(1) 

8676(1) 

4050(1) 

35(1) 

C30' 

1460(3) 

7851(2) 

4014(3) 

52(1) 

C31' 

593(3) 

8640(2) 

4720(2) 

51(1) 

C32' 

326(3) 

8866(2) 

3202(2) 

50(1) 

N2' 

1770(2) 

9277(1) 

4238(2) 

29(1) 

C33' 

1588(2) 

9944(2) 

4178(2) 

28(1) 

C34' 

902(2) 

10225(2) 

4201(2) 

35(1) 

C35' 

768(2) 

10884(2) 

4105(2) 

40(1) 

C36' 

1319(3) 

11293(2) 

3991(2) 

43(1) 

C37' 

1997(2) 

11033(2) 

3972(2) 

38(1) 

C38' 

2149(2) 

10356(2) 

4057(2) 

31(1) 

N3' 

2791(2) 

10029(1) 

4020(2) 

30(1) 

Si2' 

3276(1) 

10295(1) 

3461(1) 

35(1) 

C39' 

3974(3) 

9656(2) 

3419(3) 

61(2) 

C40' 

3846(3) 

11065(2) 

3758(3) 

54(1) 

C41' 

2525(3) 

10426(3) 

2620(2) 

56(1) 
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Table  B-8.  Bond  lengths  [A]  and  angles  [°]  for  5. 


W-Nl 

W-N2 

W-N3 

W-Cl 

W-C4 

W-C3 

W-C2 

C1-C2 

C2-C3 

C2-C5 

C3-C11 

C3-C4 

C4-C18 

C5-C10 

C5-C6 

C6-C7 

C7-C8 

C8-C9 

C9-C10 

C11-C12 

C11-C16 

C12-C13 

C13-C14 

C14-C15 

C15-C16 

C18-C19 

C18-C23 

C19-C20 

C20-C21 

C21-C22 

C22-C23 

N1-C24 

C24-C29 

C24-C25 

C25-C26 

C26-C27 

C27-C28 

C28-C29 

Sil-N2 

Sil-C30 

511- C32 
Sil  -C3 1 
N2-C33 
C33-C34 
C33-C38 
C34-C35 
C35-C36 
C36-C37 
C37-C38 
C38-N3 
N3-Si2 

512- C40 
Si2-C41 


1.745(3) 

2.034(3) 

2.037(3) 

2.162(4) 

2.204(4) 

2.582(3) 

2.589(4) 

1.497(5) 

1.364(5) 

1.494(5) 

1.488(5) 

1.495(5) 

1.512(5) 

1.384(6) 

1.388(6) 

1.392(6) 

1.364(7) 

1.367(7) 

1.388(6) 

1.390(5) 

1.403(5) 

1.389(6) 

1.374(6) 

1.381(6) 

1.384(6) 

1.381(6) 

1 .400(6) 

1.393(6) 

1.371(9) 

1.383(10) 

1.408(8) 

1.389(4) 

1.389(6) 

1.392(5) 

1 .379(6) 
1.375(7) 
1.367(7) 
1.382(6) 
1.765(3) 
1.859(4) 
1.865(5) 
1.867(4) 

1 .399(4) 
1.405(5) 
1.417(5) 
1.380(5) 

1 .403(6) 
1.358(6) 
1.413(5) 
1.398(5) 
1.774(3) 
1.863(4) 
1.865(4) 


Table  B- 8— continued. 


Si2-C39 

W'-Nl' 

W'-N3' 

W-N2' 

w-cr 

W'-C4' 

W'-C3' 

W'-C2' 

Cl'-C2' 

C2-C3' 

C2-C5' 

C3'-C11' 

C3'-C4' 

C4'-C18' 

C5'-C10' 

C5-C6' 

C&-C7 

C7'-C8' 

C8'-C9' 

C9'-C10' 

Cll'-C12' 

Cll'-C16' 

C12-C13' 

C 13-C1 4' 

C14-C15' 

C 15-C1 6' 

C18-C19' 

C18-C23' 

C19-C20' 

C20-C21' 

C21'-C22' 

C22'-C23' 

N1-C24' 

C24'-C29' 

C24'-C25' 

C25'-C26' 

C2&-C27 

C2T-C28' 

C28'-C29' 

Sil'-N2' 

Sil'-C31' 

Sil'-C30' 

Sil’-C32’ 

N2'-C33' 

C33-C34' 

C33-C38' 

C34-C35' 

C35-C36' 

C36-C37' 

C37'-C38' 

C38'-N3' 

N3'-Si2' 

Si2'-C39' 

Si2'-C41' 


1.867(4) 
1.747(3) 
2.027(3) 
2.044(3) 
2.171(4) 
2.203(4) 
2.556(4) 
2.568(4) 
1.484(6) 
1.380(5) 
1.485(5) 
1.490(5) 
1.491(5) 
1.505(5) 
1.388(6) 
1.392(6) 
1.390(6) 
1.367(8) 
1.377(8) 
1.389(7) 
1.385(5) 
1.407(5) 
1.378(6) 
1.393(7) 
1.363(6) 
1.391(6) 
1.386(6) 
1 .402(5) 
1.392(6) 
1.378(6) 
1.372(6) 
1.385(6) 
1.392(5) 
1 .390(6) 
1.390(6) 
1.383(6) 
1.375(6) 
1.380(7) 
1.385(6) 
1.761(3) 
1.863(5) 
1.863(5) 
1.864(4) 
1.399(5) 
1.406(5) 
1.421(5) 
1.370(5) 
1.397(6) 
1.373(6) 
1 .409(5) 
1.386(5) 
1.784(3) 
1.857(5) 
1.857(5) 
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Table  B-8— continued. 


Si2'-C40' 

N1-W-N2 

N1-W-N3 

N2-W-N3 

Nl-W-Cl 

N2-W-C1 

N3-W-C1 

N1-W-C4 

N2-W-C4 

N3-W-C4 

C1-W-C4 

N1-W-C3 

N2-W-C3 

N3-W-C3 

C1-W-C3 

C4-W-C3 

N1-W-C2 

N2-W-C2 

N3-W-C2 

C1-W-C2 

C4-W-C2 

C3-W-C2 

C2-C1-W 

C3-C2-C5 

C3-C2-C1 

C5-C2-C1 

C3-C2-W 

C5-C2-W 

C1-C2-W 

C2-C3-C1 1 

C2-C3-C4 

Cl  1-C3-C4 

C2-C3-W 

C11-C3-W 

C4-C3-W 

C3-C4-C18 

C3-C4-W 

C18-C4-W 

C10-C5-C6 

C10-C5-C2 

C6-C5-C2 

C5-C6-C7 

C8-C7-C6 

C7-C8-C9 

C8-C9-C10 

C5-C10-C9 

C12-C1 1-C16 

C12-C1 1-C3 

C16-C1 1-C3 

C13-C12-C11 

C14-C13-C12 

C13-C14-C15 

C14-C15-C16 

C15-C16-C11 


1.876(5) 

115.76(14) 

112.17(13) 

79.43(12) 

105.79(15) 

138.31(13) 

88.40(13) 

103.65(14) 

89.75(14) 

143.83(13) 

76.97(15) 

136.40(13) 

85.34(12) 

108.90(12) 

61.09(13) 

35.29(12) 

137.40(14) 

104.08(12) 

88.61(12) 

35.31(12) 

60.51(13) 

30.58(11) 

88.1(2) 

123.9(3) 

116.8(3) 

119.2(3) 

74.4(2) 

142.8(3) 

56.56(19) 

123.9(3) 

117.0(3) 

119.1(3) 

75.0(2) 

135.9(2) 

58.41(18) 

117.9(3) 

86.3(2) 

118.9(3) 

118.2(4) 

119.1(4) 

122.6(4) 

120.3(4) 

120.5(4) 

119.8(4) 

120.3(5) 

120.8(4) 

118.2(4) 

123.4(3) 

118.4(3) 

120.8(4) 

120.3(4) 

119.8(4) 

120.3(4) 

120.5(4) 
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Table  B-8— continued. 


C19-C18-C23 

C19-C18-C4 

C23-C18-C4 

C18-C19-C20 

C21-C20-C19 

C20-C21-C22 

C21-C22-C23 

C18-C23-C22 

C24-N1-W 

N1-C24-C29 

N1-C24-C25 

C29-C24-C25 

C26-C25-C24 

C27-C26-C25 

C28-C27-C26 

C27-C28-C29 

C28-C29-C24 

N2-Sil-C30 

N2-Sil-C32 

C30-Sil-C32 

N2-Sil-C31 

C30-Sil-C31 

C32-Sil-C31 

C33-N2-Sil 

C33-N2-W 

511- N2-W 
N2-C33-C34 
N2-C33-C38 
C34-C33-C38 
C35-C34-C33 
C34-C35-C36 
C37-C36-C35 
C36-C37-C38 
N3-C38-C37 
N3-C38-C33 
C37-C38-C33 
C38-N3-Si2 
C38-N3-W 

512- N3-W 
N3-Si2-C40 
N3-Si2-C41 
C40-Si2-C41 
N3-Si2-C39 
C40-Si2-C39 
C41-Si2-C39 
Nl'-W'-N3' 
Nl'-W’-N2’ 
N3'-W'-N2' 

Ni'-w'-cr 

N3'-W'-C1' 

N2'-W'-C1' 

Nl'-W'-C4' 

N3'-W'-C4' 

N2'-W'-C4' 


118.4(4) 

123.4(4) 

118.2(4) 

121.6(5) 

120.3(6) 

119.4(5) 

120.7(6) 

119.6(6) 

176.2(3) 

119.7(4) 

120.4(4) 

119.9(4) 

119.3(4) 

120.5(4) 

120.5(4) 

120.2(4) 

119.7(4) 

108.99(18) 

109.50(19) 

108.3(2) 

110.63(18) 

108.7(2) 

110.6(2) 

121.9(3) 

110.4(2) 

127.60(17) 

125.6(3) 

115.1(3) 

119.2(3) 

120.4(4) 

119.9(4) 

120.9(4) 

120.5(4) 

125.9(3) 

115.0(3) 

119.1(3) 

123.0(2) 

110.3(2) 

126.61(16) 

112.42(17) 

109.66(19) 

108.5(2) 

108.87(17) 

109.64(19) 

107.6(2) 

112.55(14) 

114.82(14) 

79.02(12) 

106.02(15) 

90.04(14) 

138.88(14) 

103.63(14) 

143.69(13) 

88.97(13) 


Table  B-8— continued. 


Cl'-W'-C4’ 

76.74(15) 

Nl'-W'-C3' 

136.87(13) 

N3'-W'-C3' 

108.64(12) 

N2'-W-C3' 

84.77(12) 

Cl'-W'-C3' 

61.25(14) 

C4'-W'-C3' 

35.55(12) 

Nl'-W'-C2' 

138.05(14) 

N3'-W'-C2' 

88.50(12) 

N2'-W-C2' 

104.31(12) 

Cl'-W'-C2' 

35.25(14) 

C4'-W'-C2' 

61.26(13) 

C3'-W'-C2' 

31.24(12) 

C2'-C1'-W’ 

87.1(2) 

C3'-C2'-C1' 

116.1(3) 

C3'-C2'-C5' 

123.2(4) 

Cl'-C2'-C5' 

120.6(3) 

C3'-C2'-W' 

73.9(2) 

Cl'-C2'-W' 

57.6(2) 

C5'-C2'-W' 

138.6(3) 

C2'-C3'-C1  r 

124.6(3) 

C2'-C3'-C4' 

117.2(3) 

Cl  l'-C3'-C4' 

118.1(3) 

C2'-C3'-W' 

74.8(2) 

Cll'-C3'-W' 

133.4(2) 

C4'-C3'-W' 

59.20(19) 

C3'-C4'-C18' 

119.9(3) 

C3'-C4'-W' 

85.3(2) 

C18'-C4'-W' 

119.9(3) 

C10'-C5'-C6' 

118.2(4) 

C10'-C5'-C2' 

121.1(4) 

C6'-C5'-C2' 

120.7(4) 

C7'-C6'-C5' 

120.8(5) 

C8'-C7'-C6' 

120.2(5) 

C7'-C8'-C9' 

119.8(5) 

C8'-C9'-C10' 

120.4(5) 

C5'-C10'-C9' 

120.5(5) 

C12'-C11'-C16’ 

117.6(4) 

C12'-C1  l'-C3' 

124.5(4) 

C16'-Cir-C3' 

118.0(3) 

C13'-C12'-Cir 

121.4(4) 

C12'-C13'-C14' 

119.9(4) 

C15'-C14'-C13' 

120.1(4) 

C14'-C15'-C16' 

120.0(4) 

C15'-C16'-C1  r 

120.9(4) 

C19'-C18'-C23' 

117.6(4) 

C19'-C18'-C4' 

123.2(4) 

C23'-C18'-C4' 

119.1(4) 

C18'-C19'-C20' 

120.9(4) 

C21'-C20'-C19' 

120.7(4) 

C22'-C21'-C20' 

119.2(4) 

C21'-C22'-C23' 

120.6(4) 

C22'-C23'-C18' 

121.1(4) 

C24'-N1'-W' 

177.2(3) 

C29'-C24'-C25' 

119.3(4) 
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Table  B-8— continued. 


C29'-C24'-N1' 

C25'-C24'-N1' 

C26'-C25'-C24' 

C27'-C26'-C25' 

C26'-C27'-C28' 

C27'-C28'-C29' 

C28'-C29'-C24' 

N2'-Sil'-C31' 

N2'-Sil'-C30' 

C3r-Sil'-C30' 

N2'-Sil'-C32' 

C31'-Sil'-C32' 

C30'-Sil'-C32' 

C33'-N2'-Sil' 

C33'-N2'-W’ 

Sil'-N2'-W' 

N2'-C33'-C34' 

N2'-C33'-C38' 

C34'-C33'-C38' 

C35'-C34'-C33' 

C34'-C35'-C36' 

C37'-C36'-C35' 

C36'-C37'-C38' 

N3'-C38'-C37' 

N3'-C38'-C33' 

C37'-C38'-C33' 

C38'-N3'-Si2' 

C38'-N3'-W' 

Si2'-N3'-W' 

N3'-Si2'-C39' 

N3'-Si2'-C41' 

C39'-Si2'-C41' 

N3'-Si2'-C40' 

C39'-Si2'-C40' 

C41,-Si2'-C40’ 


119.7(4) 

121.0(4) 

1 19.8(4) 

120.7(4) 

119.9(4) 

120.0(4) 

120.2(4) 

111.05(19) 

110.08(19) 

106.9(2) 

108.15(18) 

112.0(2) 

108.6(2) 

121.0(3) 

110.2(2) 

128.66(17) 

125.9(3) 

115.1(3) 

119.0(3) 

121.0(4) 

120.4(4) 

119.8(4) 

121.4(4) 

127.0(4) 

114.6(3) 

118.5(4) 

121.4(3) 

111.5(2) 

125.79(17) 

109.16(18) 

106.8(2) 

111.3(3) 

112.7(2) 

106.4(2) 

110.5(2) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 
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Table  B-9.  Anisotropic  displacement  parameters  (A^x  103)  for  5.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  h^  a*2fjl  1 + ...  + 2 h k a*  b* 


ull 

U22 

u33 

u23 

U13 

u12 

w 

24(1) 

23(1) 

28(1) 

-1(1) 

5(1) 

3(1) 

Cl 

28(2) 

31(2) 

32(2) 

-3(2) 

10(2) 

4(2) 

C2 

27(2) 

33(2) 

22(2) 

1(2) 

7(2) 

3(2) 

C3 

30(2) 

29(2) 

20(2) 

-5(1) 

7(2) 

6(1) 

C4 

30(2) 

26(2) 

38(2) 

-3(2) 

6(2) 

3(2) 

C5 

26(2) 

37(2) 

33(2) 

-1(2) 

10(2) 

-4(2) 

C6 

50(3) 

38(2) 

35(2) 

2(2) 

14(2) 

-2(2) 

C7 

63(3) 

37(2) 

50(3) 

-2(2) 

17(3) 

-6(2) 

C8 

65(3) 

44(3) 

53(3) 

20(2) 

7(3) 

-4(2) 

C9 

80(4) 

54(3) 

38(3) 

13(2) 

5(3) 

-4(3) 

CIO 

66(3) 

43(3) 

32(2) 

2(2) 

7(2) 

-9(2) 

Cll 

30(2) 

26(2) 

26(2) 

2(1) 

8(2) 

0(2) 

C12 

31(2) 

32(2) 

39(2) 

-1(2) 

7(2) 

4(2) 

C13 

29(2) 

38(2) 

69(3) 

5(2) 

13(2) 

7(2) 

C14 

27(2) 

55(3) 

59(3) 

16(2) 

3(2) 

0(2) 

C15 

32(2) 

49(3) 

40(2) 

2(2) 

4(2) 

-14(2) 

C16 

33(2) 

36(2) 

30(2) 

-2(2) 

9(2) 

-4(2) 

C18 

31(2) 

34(2) 

40(2) 

-15(2) 

-3(2) 

6(2) 

C19 

44(3) 

58(3) 

36(2) 

-19(2) 

6(2) 

9(2) 

C20 

49(3) 

93(4) 

54(3) 

-39(3) 

9(3) 

12(3) 

C21 

45(3) 

96(5) 

91(5) 

-62(4) 

-3(3) 

23(3) 

C22 

64(4) 

46(3) 

109(5) 

-37(3) 

-13(4) 

28(3) 

C23 

57(3) 

38(3) 

68(3) 

-15(2) 

1(3) 

12(2) 

N1 

27(2) 

29(2) 

32(2) 

0(1) 

3(1) 

4(1) 

C24 

27(2) 

24(2) 

36(2) 

0(2) 

5(2) 

1(1) 

C25 

40(2) 

38(2) 

34(2) 

3(2) 

12(2) 

8(2) 

C26 

44(3) 

45(3) 

57(3) 

-4(2) 

13(2) 

14(2) 

C27 

45(3) 

38(2) 

52(3) 

14(2) 

-3(2) 

11(2) 

C28 

43(3) 

47(3) 

39(2) 

12(2) 

4(2) 

-4(2) 

C29 

33(2) 

41(2) 

36(2) 

1(2) 

10(2) 

-1(2) 

Sil 

27(1) 

31(1) 

43(1) 

6(1) 

6(1) 

-5(1) 

C30 

46(3) 

30(2) 

56(3) 

6(2) 

8(2) 

-7(2) 

C31 

34(3) 

54(3) 

62(3) 

7(2) 

2(2) 

-15(2) 

C32 

43(3) 

52(3) 

44(3) 

14(2) 

17(2) 

0(2) 

N2 

24(2) 

28(2) 

33(2) 

1(1) 

5(1) 

-1(1) 

C33 

29(2) 

27(2) 

22(2) 

2(1) 

8(2) 

2(1) 

C34 

25(2) 

37(2) 

29(2) 

2(2) 

6(2) 

0(2) 

C35 

32(2) 

42(2) 

36(2) 

3(2) 

11(2) 

12(2) 

C36 

43(2) 

30(2) 

38(2) 

1(2) 

16(2) 

7(2) 

C37 

39(2) 

26(2) 

35(2) 

-2(2) 

16(2) 

-2(2) 

C38 

28(2) 

31(2) 

23(2) 

-1(1) 

8(2) 

2(2) 

N3 

23(2) 

27(2) 

29(2) 

-4(1) 

8(1) 

-2(1) 

Si2 

29(1) 

33(1) 

30(1) 

-3(1) 

9(1) 

-6(1) 

C39 

29(2) 

44(2) 

45(3) 

9(2) 

4(2) 

-6(2) 

C40 

35(2) 

35(2) 

44(2) 

1(2) 

16(2) 

-4(2) 

C41 

58(3) 

70(3) 

34(2) 

-13(2) 

15(2) 

-16(3) 

W' 

27(1) 

24(1) 

31(1) 

5(1) 

9(1) 

2(1) 

Cl' 

26(2) 

33(2) 

44(2) 

7(2) 

11(2) 

-2(2) 

C2' 

27(2) 

31(2) 

31(2) 

2(2) 

2(2) 

1(2) 
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Table  B-9— continued. 


C3' 

28(2) 

28(2) 

26(2) 

4(1) 

4(2) 

3(1) 

C4' 

32(2) 

26(2) 

30(2) 

3(2) 

10(2) 

1(2) 

C5' 

31(2) 

32(2) 

40(2) 

-1(2) 

3(2) 

-5(2) 

C6' 

58(3) 

37(2) 

44(3) 

5(2) 

-2(2) 

-11(2) 

C7 

87(4) 

35(3) 

60(4) 

2(2) 

-13(3) 

-17(3) 

C8' 

82(4) 

36(3) 

75(4) 

-20(3) 

-10(3) 

-7(3) 

C9' 

76(4) 

57(3) 

58(3) 

-21(3) 

9(3) 

-15(3) 

CIO' 

49(3) 

46(3) 

44(3) 

-6(2) 

7(2) 

-14(2) 

cir 

29(2) 

29(2) 

33(2) 

-6(2) 

8(2) 

-5(2) 

C12' 

34(2) 

36(2) 

34(2) 

-3(2) 

8(2) 

0(2) 

C13' 

38(3) 

47(3) 

51(3) 

-8(2) 

11(2) 

8(2) 

C14' 

40(3) 

58(3) 

45(3) 

-15(2) 

17(2) 

-4(2) 

C15' 

47(3) 

52(3) 

41(2) 

-6(2) 

21(2) 

-13(2) 

C16' 

36(2) 

35(2) 

32(2) 

1(2) 

9(2) 

-4(2) 

C18' 

37(2) 

28(2) 

30(2) 

6(2) 

14(2) 

2(2) 

C19' 

42(3) 

33(2) 

41(2) 

-1(2) 

0(2) 

2(2) 

C20' 

47(3) 

45(3) 

43(3) 

3(2) 

-5(2) 

5(2) 

C21' 

50(3) 

44(3) 

53(3) 

12(2) 

11(2) 

17(2) 

C22' 

57(3) 

31(2) 

52(3) 

2(2) 

15(2) 

11(2) 

C23' 

44(2) 

32(2) 

36(2) 

3(2) 

8(2) 

4(2) 

Nl' 

36(2) 

29(2) 

34(2) 

7(1) 

12(2) 

5(1) 

C24' 

37(2) 

28(2) 

30(2) 

7(2) 

12(2) 

1(2) 

C25' 

36(2) 

42(2) 

42(2) 

4(2) 

18(2) 

2(2) 

C26' 

40(2) 

46(3) 

56(3) 

10(2) 

28(2) 

12(2) 

C27’ 

57(3) 

42(2) 

50(3) 

-2(2) 

31(2) 

4(2) 

C28' 

60(3) 

53(3) 

35(2) 

0(2) 

14(2) 

5(2) 

C29' 

47(3) 

42(2) 

32(2) 

7(2) 

7(2) 

11(2) 

Sil' 

33(1) 

30(1) 

38(1) 

5(1) 

7(1) 

-8(1) 

C30' 

54(3) 

34(2) 

67(3) 

0(2) 

19(3) 

-10(2) 

C31' 

43(3) 

57(3) 

50(3) 

10(2) 

12(2) 

-13(2) 

C32' 

53(3) 

46(3) 

40(3) 

4(2) 

2(2) 

-12(2) 

N2' 

31(2) 

25(2) 

30(2) 

6(1) 

9(1) 

-1(1) 

C33' 

28(2) 

30(2) 

25(2) 

2(1) 

5(2) 

0(2) 

C34' 

28(2) 

34(2) 

42(2) 

5(2) 

9(2) 

-1(2) 

C35' 

30(2) 

42(2) 

47(3) 

2(2) 

10(2) 

9(2) 

C36' 

44(3) 

28(2) 

54(3) 

3(2) 

13(2) 

4(2) 

C37' 

39(2) 

27(2) 

51(3) 

5(2) 

18(2) 

-3(2) 

C38' 

27(2) 

28(2) 

35(2) 

4(2) 

7(2) 

-1(2) 

N3' 

27(2) 

26(2) 

38(2) 

7(1) 

13(1) 

2(1) 

Si2' 

32(1) 

34(1) 

42(1) 

10(1) 

14(1) 

1(1) 

C39' 

66(3) 

50(3) 

90(4) 

28(3) 

56(3) 

17(2) 

C40' 

47(3) 

50(3) 

69(3) 

5(2) 

26(3) 

-12(2) 

C41' 

52(3) 

70(3) 

43(3) 

10(2) 

13(2) 

1(3) 
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Table  B-10.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A^x 
10  3)  for  5. 


X 

y 

z 

U(eq) 

H1A 

4048 

10038 

t 

-288 

36 

H1B 

3908 

9344 

-701 

36 

H4A 

2141 

8493 

-602 

39 

H6A 

3128 

11070 

- 278 

49 

H7A 

2917 

12105 

- 786 

60 

H8A 

2439 

12203 

-1951 

69 

H9A 

2156 

11273 

-2623 

73 

H10A 

2334 

10236 

-2128 

59 

H12A 

1424 

10418 

-814 

42 

H13A 

104 

10575 

-1334 

55 

H14A 

-622 

9827 

-2129 

60 

H15A 

-41 

8892 

-2374 

51 

H16A 

1263 

8698 

-1816 

40 

H19A 

2935 

8935 

-1803 

58 

H20A 

3582 

8266 

-2332 

81 

H21A 

3996 

7229 

-1905 

101 

H22A 

3795 

6874 

-922 

100 

H23A 

3152 

7549 

-375 

71 

H25A 

4918 

7956 

347 

45 

H26A 

5834 

7224 

1010 

60 

H27A 

5934 

7031 

2125 

60 

H28A 

5098 

7532 

2581 

55 

H29A 

4180 

8273 

1935 

45 

H30A 

2437 

7789 

389 

69 

H30B 

2052 

7506 

910 

69 

H30C 

2836 

7916 

1184 

69 

H31A 

524 

8936 

14 

80 

H31B 

562 

8162 

148 

80 

H31C 

919 

8465 

-384 

80 

H32A 

2140 

8869 

1915 

69 

H32B 

1385 

8421 

1683 

69 

H32C 

1318 

9190 

1524 

69 

H34A 

986 

9886 

543 

37 

H35A 

824 

10988 

750 

44 

H36A 

1849 

11726 

926 

44 

H37A 

3028 

11370 

923 

39 

H39A 

5001 

9507 

1731 

62 

H39B 

5608 

10026 

1640 

62 

H39C 

5092 

9605 

1006 

62 

H40A 

4634 

10958 

298 

56 

H40B 

5099 

11329 

987 

56 

H40C 

4205 

11481 

613 

56 

H41A 

3991 

11214 

1937 

81 

H41B 

4851 

10959 

2308 

81 

H41C 

4136 

10500 

2273 

81 

Hl'A 

4344 

9151 

5488 

42 

Hl'B 

4253 

9847 

5082 

42 

H4'A 

2424 

8452 

5361 

35 
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Table  B- 10— continued. 


H6'A 

3614 

10876 

5018 

62 

H7'A 

3700 

11955 

5405 

85 

H8'A 

3716 

12176 

6492 

89 

H9'A 

3746 

11316 

7229 

80 

H10B 

3635 

10235 

6845 

58 

H12B 

2022 

10396 

5558 

42 

H13B 

1100 

10624 

6050 

55 

H14B 

881 

9884 

6819 

56 

H15B 

1566 

8913 

7070 

54 

H16B 

2474 

8667 

6556 

43 

H19B 

4125 

8706 

6624 

50 

H20B 

5030 

7908 

7158 

60 

H21B 

5008 

6886 

6657 

61 

H22B 

4110 

6681 

5594 

57 

H23B 

3215 

7475 

5046 

46 

H25B 

4491 

7880 

4305 

46 

H26B 

4776 

7059 

3656 

53 

H27B 

3861 

6720 

2649 

56 

H28B 

2650 

7210 

2274 

60 

H29B 

2359 

8044 

2908 

51 

H30D 

1793 

7873 

3737 

78 

H30E 

1044 

7537 

3812 

78 

H30F 

1762 

7709 

4473 

78 

H31D 

993 

8679 

5166 

77 

H31E 

324 

8221 

4691 

77 

H31F 

225 

9001 

4657 

77 

H32D 

116 

9305 

3209 

75 

H32E 

-92 

8543 

3093 

75 

H32F 

577 

8847 

2859 

75 

H34B 

526 

9953 

4284 

42 

H35B 

298 

11064 

4116 

49 

H36B 

1225 

11751 

3928 

51 

H37B 

2371 

11315 

3900 

46 

H39D 

4291 

9529 

3879 

92 

H39E 

4304 

9830 

3179 

92 

H39F 

3694 

9272 

3177 

92 

H40D 

3498 

11424 

3765 

80 

H40E 

4124 

11175 

3448 

80 

H40F 

4216 

10997 

4214 

80 

H41D 

2189 

10041 

2500 

83 

H41E 

2771 

10492 

2278 

83 

H41F 

2219 

10814 

2638 

83 
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Table  B-l  1 . Crystal  data  and  structure  refinement  for  9. 


Empirical  formula 

C30  H41  N5  Si2  W 

Formula  weight 

711.71 

Temperature 

173(2) K 

Wavelength 

0.71073  A 

Crystal  system 

Monoclinic 

Space  group 

P2(l)/c 

Unit  cell  dimensions 

a = 13.6142(7)  A a=  90°. 

b = 12.7895(6)  A P=  101.720(1)°. 

c = 19.054(1)  A y = 90°. 

Volume 

3248.4(3)  A3 

Z 

4 

Density  (calculated) 

1 .455  Mg/m3 

Absorption  coefficient 

3.656  mm'1 

F(000) 

1432 

Crystal  size 

0.30  x 0. 1 8 x 0.06  mm3 

Theta  range  for  data  collection 

1.93  to  27.50°. 

Index  ranges 

-17=h=16,  -16=k=14,  -24=1=23 

Reflections  collected 

22571 

Independent  reflections 

7453  [R(int)  = 0.0352] 

Completeness  to  theta  = 27.50° 

99.9  % 

Absorption  correction 

Integration 

Max.  and  min.  transmission 

0.8168  and  0.4250 

Refinement  method 

Full-matrix  least-squares  on  F2 

Data  / restraints  / parameters 

7453/0/351 

Goodness-of-fit  on  F2 

1.034 

Final  R indices  [I>2sigma(I)] 

R1  = 0.0248,  wR2  = 0.0563  [6092] 

R indices  (all  data) 

R1  = 0.0366,  wR2  = 0.0626 

Largest  diff.  peak  and  hole 

1.375  and  -0.720  e.A'3 

Rl=Z(||FoMFc||)/Z|F0| 

wR2  = [I[w(F02  - Fc2)2]  / I[w(F02)2]]1/2 

S = [Z[w(F02  - Fc2)2]  / (n-p)]1/2 

w=  l/[02(Fo2)+(O.O37O*p)2+O.3 1 *p],  p = [max(Fo20)+  2*  Fc2]/3 
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Table  B-12.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement 

parameters  (A^x  1(P)  for  9.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UXJ  tensor. 


X 

y 

z 

U(eq) 

w 

3030(1) 

7668(1) 

1877(1) 

34(1) 

Sil 

791(1) 

6554(1) 

1204(1) 

48(1) 

Si2 

4876(1) 

8095(1) 

959(1) 

35(1) 

N1 

2520(2) 

8920(2) 

1919(2) 

42(1) 

N2 

2067(2) 

6705(2) 

1189(1) 

39(1) 

N3 

3860(2) 

7339(2) 

1112(1) 

33(1) 

N4 

4380(2) 

7785(2) 

2644(1) 

36(1) 

N5 

2615(2) 

6872(3) 

2725(1) 

44(1) 

Cl 

1999(3) 

9861(3) 

1839(2) 

44(1) 

C2 

2169(3) 

10609(3) 

2378(2) 

61(1) 

C3 

1647(4) 

11542(4) 

2291(3) 

82(2) 

C4 

958(4) 

11745(4) 

1695(4) 

90(2) 

C5 

764(4) 

11006(5) 

1162(3) 

92(2) 

C6 

1273(4) 

10065(4) 

1222(2) 

67(1) 

C7 

2456(2) 

6273(2) 

619(2) 

37(1) 

C8 

3435(2) 

6595(2) 

590(2) 

33(1) 

C9 

3919(3) 

6143(2) 

87(2) 

38(1) 

CIO 

3429(3) 

5422(3) 

-409(2) 

47(1) 

Cll 

2455(3) 

5144(3) 

-401(2) 

54(1) 

C12 

1971(3) 

5557(3) 

115(2) 

49(1) 

C13 

19(3) 

6989(4) 

329(2) 

64(1) 

C14 

394(3) 

7409(4) 

1887(2) 

68(1) 

C15 

471(3) 

5174(4) 

1397(2) 

69(1) 

C16 

4698(3) 

8514(3) 

-3(2) 

51(1) 

C17 

4988(3) 

9331(3) 

1483(2) 

56(1) 

C18 

6098(3) 

7381(3) 

1205(2) 

55(1) 

C19 

4630(3) 

8612(3) 

3098(2) 

44(1) 

C20 

5495(3) 

8652(3) 

3620(2) 

49(1) 

C21 

6167(3) 

7822(3) 

3713(2) 

47(1) 

C22 

5900(3) 

6969(3) 

3266(2) 

45(1) 

C23 

5030(2) 

6967(3) 

2759(2) 

40(1) 

C24 

7121(3) 

7845(4) 

4275(2) 

69(1) 

C25 

2397(3) 

7369(4) 

3315(2) 

65(1) 

C26 

2168(4) 

6846(6) 

3883(2) 

92(2) 

C27 

2176(4) 

5761(7) 

3900(3) 

108(3) 

C28 

2413(3) 

5262(5) 

3322(3) 

89(2) 

C29 

2635(3) 

5814(3) 

2750(2) 

58(1) 

C30 

1954(5) 

5160(8) 

4543(4) 

179(4) 
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Table  B-13. 


W-Nl 

W-N3 

W-N2 

W-N5 

W-N4 

Sil-N2 

Sil-C14 

511- C13 
Sil  -C15 

512- N3 
Si2-C17 
Si2-C18 
Si2-C16 
Nl-Cl 
N2-C7 
N3-C8 
N4-C23 
N4-C19 
N5-C29 
N5-C25 
C1-C2 
C1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C20-C21 
C21-C22 
C21-C24 
C22-C23 
C25-C26 
C26-C27 
C27-C28 
C27-C30 
C28-C29 
N1-W-N3 
N1-W-N2 
N3-W-N2 
N1-W-N5 
N3-W-N5 
N2-W-N5 
N1-W-N4 
N3-W-N4 
N2-W-N4 
N5-W-N4 
N2-Sil-C14 


Bond  lengths  [A]  and  angles  [°]  for  9. 


1.753(3) 

2.060(2) 

2.062(3) 

2.083(3) 

2.109(3) 

1.754(3) 

1.863(4) 

1.865(4) 

1.872(4) 

1.761(3) 

1.858(4) 

1.872(4) 

1.877(4) 

1.390(4) 

1.413(4) 

1.413(4) 

1.359(4) 

1.365(4) 

1.354(5) 

1.376(5) 

1.389(5) 

1.398(5) 

1.381(6) 

1.343(8) 

1.373(8) 

1.383(7) 

1.393(4) 

1.407(4) 

1.394(4) 

1.390(5) 

1.376(5) 

1.392(5) 

1.378(5) 

1.390(5) 

1.385(5) 

1.506(5) 

1.369(5) 

1.362(6) 

1.389(9) 

1.366(9) 

1.527(7) 

1.382(5) 

119.86(11) 

111.59(12) 

78.34(10) 

103.81(12) 

136.30(11) 

87.91(10) 

101.58(12) 

88.80(10) 

146.60(10) 

80.33(10) 

112.04(16) 


Table  B- 13— continued. 


N2-Sil-C13 

C14-Sil-C13 

N2-Sil-C15 

C14-Sil-C15 

C13-Sil-C15 

N3-Si2-C17 

N3-Si2-C18 

C17-Si2-C18 

N3-Si2-C16 

C17-Si2-C16 

C18-Si2-C16 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 

511- N2-W 
C8-N3-Si2 
C8-N3-W 

512- N3-W 
C23-N4-C19 
C23-N4-W 
C19-N4-W 
C29-N5-C25 
C29-N5-W 
C25-N5-W 
C2-C1-N1 
C2-C1-C6 
N1-C1-C6 
C3-C2-C1 
C4-C3-C2 
C3-C4-C5 
C4-C5-C6 
C5-C6-C1 
C12-C7-C8 
C12-C7-N2 
C8-C7-N2 
C9-C8-C7 
C9-C8-N3 
C7-C8-N3 
C10-C9-C8 
C11-C10-C9 
C10-C11-C12 
C11-C12-C7 
N4-C19-C20 
C19-C20-C21 
C22-C21-C20 
C22-C21-C24 
C20-C21-C24 
C23-C22-C21 
N4-C23-C22 
C26-C25-N5 
C25-C26-C27 
C28-C27-C26 
C28-C27-C30 
C26-C27-C30 


109.50(17) 

105.0(2) 

112.21(18) 

107.6(2) 

110.2(2) 

111.07(14) 

112.27(15) 

107.94(19) 

111.62(15) 

105.18(18) 

108.44(18) 

169.7(3) 

119.7(2) 

115.66(19) 

124.03(14) 

118.4(2) 

115.54(19) 

124.58(13) 

115.1(3) 

120.3(2) 

124.4(2) 

116.0(3) 

120.6(2) 

123.1(3) 

120.7(3) 

118.5(4) 

120.8(3) 

120.1(4) 

121.5(5) 

119.3(5) 

121.3(5) 

119.3(5) 

119.0(3) 

126.1(3) 

114.9(3) 

119.3(3) 

125.5(3) 

115.1(3) 

120.9(3) 

119.6(3) 

120.4(3) 

120.7(3) 

123.5(3) 

120.5(3) 

116.0(3) 

122.2(4) 

121.7(3) 

121.1(3) 

123.6(3) 

123.0(5) 

120.5(5) 

116.8(5) 

121.9(8) 

121.3(7) 
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Table  B-l  3— continued. 

C27-C28-C29 

N5-C29-C28 


121.5(6) 

122.2(5) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 
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Table  B-14.  Anisotropic  displacement  parameters  (A^x  10^)  for  9.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  h^  1 + ...  + 2 h k a*  b* 


U11 

u22 

U33 

u23 

u13 

U12 

w 

31(1) 

42(1) 

28(1) 

-3(1) 

6(1) 

-5(1) 

Sil 

36(1) 

69(1) 

38(1) 

3(1) 

3(1) 

-15(1) 

Si2 

34(1) 

35(1) 

36(1) 

0(1) 

9(1) 

-4(1) 

N1 

37(2) 

52(2) 

39(2) 

-5(1) 

9(1) 

-2(1) 

N2 

37(2) 

51(2) 

29(1) 

-1(1) 

5(1) 

-10(1) 

N3 

35(1) 

35(1) 

30(1) 

-3(1) 

8(1) 

-6(1) 

N4 

34(1) 

45(2) 

30(1) 

-7(1) 

8(1) 

-5(1) 

N5 

33(2) 

68(2) 

29(1) 

4(1) 

2(1) 

-7(1) 

Cl 

37(2) 

52(2) 

47(2) 

2(2) 

17(2) 

2(2) 

C2 

46(2) 

65(3) 

75(3) 

-17(2) 

17(2) 

9(2) 

C3 

59(3) 

73(3) 

122(5) 

-22(3) 

34(3) 

13(2) 

C4 

77(4) 

68(3) 

139(5) 

22(3) 

55(4) 

25(3) 

C5 

91(4) 

104(4) 

82(4) 

43(3) 

21(3) 

36(3) 

C6 

82(3) 

74(3) 

46(2) 

9(2) 

14(2) 

15(2) 

C7 

41(2) 

41(2) 

28(2) 

1(1) 

4(1) 

-7(1) 

C8 

41(2) 

31(2) 

27(2) 

2(1) 

4(1) 

-3(1) 

C9 

47(2) 

36(2) 

33(2) 

2(1) 

10(1) 

-3(1) 

CIO 

63(2) 

45(2) 

35(2) 

-5(2) 

16(2) 

-5(2) 

Cll 

70(3) 

51(2) 

37(2) 

-12(2) 

4(2) 

-15(2) 

C12 

49(2) 

56(2) 

41(2) 

-7(2) 

7(2) 

-17(2) 

C13 

51(2) 

82(3) 

54(2) 

5(2) 

-4(2) 

-6(2) 

C14 

36(2) 

113(4) 

57(3) 

-11(2) 

15(2) 

-10(2) 

C15 

52(2) 

91(3) 

61(3) 

13(2) 

2(2) 

-32(2) 

C16 

60(2) 

48(2) 

46(2) 

7(2) 

11(2) 

-9(2) 

C17 

64(3) 

46(2) 

64(2) 

-15(2) 

26(2) 

-20(2) 

C18 

39(2) 

60(2) 

64(3) 

7(2) 

9(2) 

4(2) 

C19 

43(2) 

51(2) 

38(2) 

-11(2) 

9(2) 

-2(2) 

C20 

46(2) 

65(2) 

37(2) 

-19(2) 

10(2) 

-10(2) 

C21 

36(2) 

73(2) 

32(2) 

-7(2) 

9(1) 

-6(2) 

C22 

38(2) 

54(2) 

41(2) 

0(2) 

7(2) 

1(2) 

C23 

41(2) 

43(2) 

35(2) 

-3(1) 

7(1) 

-2(1) 

C24 

46(2) 

107(4) 

49(2) 

-16(2) 

-3(2) 

-5(2) 

C25 

47(2) 

113(4) 

35(2) 

-10(2) 

7(2) 

-14(2) 

C26 

52(3) 

193(6) 

34(2) 

10(3) 

13(2) 

-8(4) 

C27 

48(3) 

207(8) 

71(4) 

71(5) 

14(2) 

-2(4) 

C28 

50(3) 

119(4) 

94(4) 

67(3) 

7(3) 

3(3) 

C29 

39(2) 

76(3) 

56(2) 

22(2) 

1(2) 

-3(2) 

C30 

110(5) 

327(12) 

110(5) 

134(7) 

46(4) 

13(7) 
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Table  B-15.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A3x 
10  3)  for  9. 


X 

y 

z 

U(eq) 

H2A 

2645 

10479 

2808 

74 

H3A 

1779 

12052 

2660 

99 

H4A 

609 

12392 

1643 

108 

H5A 

269 

11145 

743 

110 

H6A 

1132 

9562 

848 

81 

H9A 

4593 

6330 

83 

46 

H10A 

3764 

5122 

-752 

56 

HI  1A 

2110 

4669 

-749 

64 

H12A 

1304 

5347 

122 

59 

H13A 

123 

7738 

265 

96 

H13B 

-692 

6858 

325 

96 

H13C 

220 

6599 

-61 

96 

H14A 

614 

7099 

2364 

102 

H14B 

-338 

7475 

1780 

102 

H14C 

698 

8102 

1877 

102 

H15A 

725 

4699 

1072 

104 

H15B 

-259 

5101 

1327 

104 

H15C 

779 

5000 

1894 

104 

H16A 

4697 

7897 

-308 

77 

H16B 

5246 

8982 

-61 

77 

H16C 

4056 

8882 

-142 

77 

H17A 

4318 

9620 

1470 

84 

H17B 

5389 

9835 

1274 

84 

H17C 

5316 

9188 

1980 

84 

H18A 

6242 

7230 

1720 

82 

H18B 

6636 

7816 

1089 

82 

H18C 

6057 

6724 

936 

82 

H19A 

4185 

9192 

3052 

53 

H20A 

5632 

9252 

3918 

59 

H22A 

6329 

6376 

3313 

54 

H23A 

4872 

6360 

2471 

48 

H24A 

6957 

7942 

4748 

103 

H24B 

7544 

8424 

4176 

103 

H24C 

7481 

7184 

4266 

103 

H25A 

2406 

8112 

3327 

78 

H26A 

2001 

7226 

4271 

111 

H28A 

2426 

4519 

3314 

106 

H29A 

2807 

5438 

2362 

70 

H30A 

2308 

4488 

4586 

269 

H30B 

1231 

5037 

4476 

269 

H30C 

2183 

5570 

4981 

269 
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Table  B-16.  Crystal  data  and  structure  refinement  for  12a. 


Empirical  formula 

C31  H42  N5O1.50  Si2  W 

Formula  weight 

748.73 

Temperature 

173(2) K 

Wavelength 

0.71073  A 

Crystal  system 

Triclinic 

Space  group 

P-1 

Unit  cell  dimensions 

a = 10.0740(7)  A <x=  69.341(1)°. 

b = 1 2.09 1 2(9)  A p=  78.022(  1 )°. 

c = 15.336(1)  A y = 76.008(1)°. 

Volume 

1680.6(2)  A3 

Z 

2 

Density  (calculated) 

1.480  Mg/m3 

Absorption  coefficient 

3.540  mm*1 

F(000) 

754 

Crystal  size 

0.39  x 0.32  x 0.02  mm3 

Theta  range  for  data  collection 

1.83  to  27.50°. 

Index  ranges 

-13<h<12,  -15<k<8,  -19<1<18 

Reflections  collected 

11730 

Independent  reflections 

7565  [R(int)  = 0.0399] 

Completeness  to  theta  = 27.50° 

98.1  % 

Absorption  correction 

Integration 

Max.  and  min.  transmission 

0.9287  and  0.3380 

Refinement  method 

Full-matrix  least-squares  on  F2 

Data  / restraints  / parameters 

7565  / 0 / 369 

Goodness-of-fit  on  F2 

1.061 

Final  R indices  [I>2sigma(I)] 

R1  = 0.0307,  wR2  = 0.0748  [6907] 

R indices  (all  data) 

R1  =0.0359,  wR2  = 0.0801 

Largest  diff.  peak  and  hole 

1.330  and -1.534  e.A'3 

R1  = KIIFol  - IFcll)  / 2|F0| 

wR2  = [Z[w(F02  - Fc2)2]  / Z[w(F02)2]]1/2 

S = [I[w(F02-Fc2)2]/(n-p)]1/2 

w=  l/[cr2(Fo2)+(0.0370*p)2+0.31  *p],  p = [max(Fo2,0)+ 2*  Fc2]/3 
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Table  B-17.  Atomic  coordinates  ( x 1 0^)  and  equivalent  isotropic  displacement 

parameters  (A^x  10^)  for  12a.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UXJ  tensor. 


X 

y 

z 

U(eq) 

w 

1891(1) 

2857(1) 

2893(1) 

26(1) 

Sil 

-402(1) 

5525(1) 

2056(1) 

40(1) 

Si2 

4015(1) 

2662(1) 

4500(1) 

32(1) 

01 

3706(4) 

273(3) 

3550(3) 

53(1) 

N1 

1007(4) 

2143(3) 

2407(2) 

32(1) 

N2 

1152(3) 

4757(3) 

2459(2) 

28(1) 

N3 

3142(3) 

3451(3) 

3520(2) 

27(1) 

N4 

351(3) 

2687(3) 

4162(2) 

29(1) 

N5 

3431(4) 

3241(3) 

1616(2) 

32(1) 

Cl 

515(4) 

1413(4) 

2081(3) 

35(1) 

C2 

1328(6) 

893(5) 

1425(4) 

50(1) 

C3 

825(7) 

148(5) 

1104(4) 

64(2) 

C4 

-478(7) 

-86(6) 

1437(4) 

65(2) 

C5 

-1309(7) 

416(7) 

2095(5) 

72(2) 

C6 

-822(6) 

1164(6) 

2418(4) 

56(1) 

C7 

2154(4) 

5360(4) 

2483(3) 

27(1) 

C8 

3259(4) 

4651(3) 

3014(2) 

26(1) 

C9 

4362(4) 

5180(4) 

2984(3) 

33(1) 

CIO 

4362(4) 

6395(4) 

2516(3) 

36(1) 

Cll 

3252(4) 

7106(4) 

2055(3) 

37(1) 

C12 

2162(4) 

6595(4) 

2044(3) 

33(1) 

C13 

-1290(6) 

6644(5) 

2678(5) 

59(1) 

C14 

-1577(5) 

4447(6) 

2284(5) 

68(2) 

C15 

-184(7) 

6312(6) 

751(4) 

66(2) 

C16 

4186(6) 

3648(5) 

5159(3) 

51(1) 

C17 

3056(5) 

1507(4) 

5386(3) 

44(1) 

C18 

5796(5) 

1909(5) 

4134(4) 

49(1) 

C19 

-269(5) 

1730(4) 

4550(3) 

38(1) 

C20 

-1228(5) 

1589(5) 

5345(4) 

53(1) 

C21 

- 1577(6) 

2456(6) 

5779(4) 

60(2) 

C22 

-946(6) 

3444(5) 

5387(4) 

54(1) 

C23 

-8(5) 

3533(4) 

4583(3) 

41(1) 

C24 

3027(6) 

3583(5) 

758(3) 

47(1) 

C25 

3944(7) 

3742(7) 

-50(4) 

69(2) 

C26 

5327(7) 

3562(7) 

-16(4) 

74(2) 

C27 

5760(6) 

3231(6) 

860(4) 

59(1) 

C28 

4785(5) 

3075(5) 

1653(3) 

43(1) 

C29 

3020(4) 

1229(4) 

3358(3) 

33(1) 

02 

4635(12) 

-63(11) 

309(8) 

82(3) 

C30 

5820(20) 

-710(20) 

860(14) 

95(6) 

C31 

5384(19) 

-475(16) 

1785(13) 

90(5) 

C32 

5000(20) 

129(18) 

572(13) 

91(5) 

C33 

5920(30) 

-450(20) 

1179(19) 

119(8) 
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Table  B-18.  Bond  lengths  [A]  and  angles  [°]  for  12a. 


W-Nl 

W-C29 

W-N3 

W-N2 

W-N4 

W-N5 

Sil-N2 

Sil-C14 

Sil-C13 

511- C15 

512- N3 
Si2-C16 
Si2-C17 
Si2-C18 

01- C29 
Nl-Cl 
N2-C7 
N3-C8 
N4-C23 
N4-C19 
N5-C28 
N5-C24 
C1-C2 
C1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C20-C21 
C21-C22 
C22-C23 
C24-C25 
C25-C26 
C26-C27 
C27-C28 

02- C32#l 
O2-C30 
C30-C3 1 
C32-C33 

N1-W-C29 

N1-W-N3 

C29-W-N3 

N1-W-N2 

C29-W-N2 

N3-W-N2 


1.787(3) 

1.985(4) 

2.112(3) 

2.139(3) 

2.203(3) 

2.215(3) 

1.729(3) 

1.865(6) 

1.873(6) 

1.879(6) 

1.753(3) 

1.869(5) 

1.870(5) 

1.875(5) 

1.165(5) 

1.379(5) 

1.393(5) 

1.405(5) 

1.336(5) 

1.339(5) 

1 .340(6) 
1.350(6) 
1.391(6) 

1 .404(7) 
1.395(7) 
1.365(9) 
1.387(9) 
1.390(8) 

1 .406(6) 

1.436(5) 

1.396(5) 

1.389(6) 

1.387(6) 

1.389(6) 

1.376(6) 

1.372(8) 

1.376(8) 

1.377(6) 

1.367(7) 

1.367(10) 

1.390(9) 

1.382(6) 

1.35(2) 

1.50(2) 

1.50(3) 

1.34(3) 

84.62(16) 

171.39(14) 

86.83(15) 

110.34(14) 

164.10(14) 

78.08(12) 


Table  B-l  8— continued. 


N1-W-N4 

C29-W-N4 

N3-W-N4 

N2-W-N4 

N1-W-N5 

C29-W-N5 

N3-W-N5 

N2-W-N5 

N4-W-N5 

N2-Sil-C14 

N2-Sil-C13 

C14-Sil-C13 

N2-Sil-C15 

C14-Sil-C15 

C13-Sil-C15 

N3-Si2-C16 

N3-Si2-C17 

C16-Si2-C17 

N3-Si2-C18 

C16-Si2-C18 

C17-Si2-C18 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 

511- N2-W 
C8-N3-Si2 
C8-N3-W 

512- N3-W 
C23-N4-C19 
C23-N4-W 
C19-N4-W 
C28-N5-C24 
C28-N5-W 
C24-N5-W 
N1-C1-C2 
N1-C1-C6 
C2-C1-C6 
C1-C2-C3 
C4-C3-C2 
C3-C4-C5 
C4-C5-C6 
C5-C6-C1 
N2-C7-C12 
N2-C7-C8 
C12-C7-C8 
C9-C8-N3 
C9-C8-C7 
N3-C8-C7 
C10-C9-C8 
Cl  1-C10-C9 
C10-C11-C12 
C11-C12-C7 
N4-C19-C20 
C21-C20-C19 


92.67(14) 

96.07(14) 

89.23(12) 

88.77(12) 

92.18(14) 

88.85(15) 

86.63(12) 

85.34(13) 

173.39(12) 

109.8(2) 

111.3(2) 

107.4(3) 

112.2(2) 

106.5(3) 

109.5(3) 

112.9(2) 

111.48(19) 

104.5(2) 

110.6(2) 

107.7(3) 

109.3(2) 

169.5(3) 

121.6(3) 

110.5(2) 

127.77(19) 

120.3(3) 

110.2(2) 

129.53(18) 

116.7(4) 

121.7(3) 

121.7(3) 

117.4(4) 

122.7(3) 

119.8(3) 

121.3(4) 

120.3(4) 

118.4(4) 

120.9(5) 

120.2(6) 

120.2(5) 

120.3(6) 

120.1(5) 

125.8(4) 

116.5(3) 

117.7(4) 

125.0(4) 

118.9(4) 

116.1(3) 

121.6(4) 

119.7(4) 

119.9(4) 

121.7(4) 

123.3(4) 

119.5(5) 
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Table  B- 1 8— continued. 


C20-C21-C22 

C21-C22-C23 

N4-C23-C22 

N5-C24-C25 

C26-C25-C24 

C25-C26-C27 

C28-C27-C26 

N5-C28-C27 

01-C29-W 

C32#l-O2-C30 

C31-C30-O2 

C33-C32-02#! 


117.7(4) 

119.6(5) 

123.1(5) 

122.4(5) 

120.4(5) 

118.0(5) 

119.0(5) 

122.8(5) 

174.0(4) 

109.0(12) 

105.1(15) 

117.2(19) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 
#1  -x+l,-y,-z 
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Table  B-19.  Anisotropic  displacement  parameters  (A^x  1(P)  for  12a.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  a*2fjl  * + ...  + 2 h k a*  b* 


U11 

U22 

U33 

u23 

U13 

u12 

w 

23(1) 

30(1) 

27(1) 

-12(1) 

-2(1) 

-7(1) 

Sil 

28(1) 

40(1) 

49(1) 

-6(1) 

-14(1) 

-4(1) 

Si2 

31(1) 

34(1) 

31(1) 

-6(1) 

-9(1) 

-8(1) 

01 

49(2) 

34(2) 

72(2) 

-16(2) 

-7(2) 

-4(2) 

N1 

34(2) 

29(2) 

33(2) 

-11(1) 

-2(1) 

-8(1) 

N2 

24(2) 

32(2) 

29(2) 

-8(1) 

-6(1) 

-4(1) 

N3 

24(2) 

27(2) 

31(2) 

-9(1) 

-4(1) 

-7(1) 

N4 

25(2) 

32(2) 

33(2) 

-14(1) 

-2(1) 

-6(1) 

N5 

36(2) 

35(2) 

30(2) 

-14(1) 

0(1) 

-11(1) 

Cl 

36(2) 

35(2) 

38(2) 

-13(2) 

-7(2) 

-8(2) 

C2 

55(3) 

49(3) 

56(3) 

-26(2) 

2(2) 

-22(2) 

C3 

88(5) 

55(3) 

66(4) 

-35(3) 

-14(3) 

-16(3) 

C4 

92(5) 

57(3) 

71(4) 

-26(3) 

-31(3) 

-32(3) 

C5 

64(4) 

87(5) 

87(5) 

-37(4) 

-13(3) 

-40(3) 

C6 

45(3) 

76(4) 

64(3) 

-35(3) 

-1(2) 

-27(3) 

C7 

25(2) 

32(2) 

23(2) 

-9(2) 

0(1) 

-6(1) 

C8 

26(2) 

31(2) 

23(2) 

-12(2) 

-2(1) 

-5(1) 

C9 

28(2) 

40(2) 

32(2) 

-12(2) 

-3(2) 

-11(2) 

CIO 

37(2) 

41(2) 

35(2) 

-12(2) 

0(2) 

-20(2) 

Cll 

43(2) 

33(2) 

32(2) 

-8(2) 

-1(2) 

-13(2) 

C12 

33(2) 

33(2) 

28(2) 

-6(2) 

-2(2) 

-5(2) 

C13 

40(3) 

50(3) 

75(4) 

-20(3) 

-3(2) 

10(2) 

C14 

34(3) 

59(3) 

106(5) 

-8(3) 

-36(3) 

-4(2) 

C15 

73(4) 

68(4) 

59(3) 

-7(3) 

-39(3) 

-9(3) 

C16 

67(3) 

58(3) 

37(2) 

-16(2) 

-12(2) 

-23(3) 

C17 

47(3) 

44(3) 

36(2) 

-3(2) 

-10(2) 

-12(2) 

C18 

29(2) 

48(3) 

59(3) 

-7(2) 

-13(2) 

0(2) 

C19 

41(2) 

40(2) 

38(2) 

-14(2) 

1(2) 

-18(2) 

C20 

47(3) 

65(3) 

46(3) 

-13(2) 

10(2) 

-30(3) 

C21 

45(3) 

93(5) 

42(3) 

-30(3) 

16(2) 

-23(3) 

C22 

58(3) 

66(3) 

47(3) 

-36(3) 

10(2) 

-13(3) 

C23 

43(2) 

41(2) 

44(2) 

-22(2) 

5(2) 

-11(2) 

C24 

52(3) 

64(3) 

33(2) 

-18(2) 

-4(2) 

-23(2) 

C25 

84(4) 

106(5) 

31(2) 

-27(3) 

9(3) 

-50(4) 

C26 

76(4) 

107(5) 

46(3) 

-39(3) 

28(3) 

-42(4) 

C27 

45(3) 

79(4) 

55(3) 

-32(3) 

16(2) 

-20(3) 

C28 

36(2) 

54(3) 

39(2) 

-20(2) 

4(2) 

-10(2) 

C29 

31(2) 

33(2) 

38(2) 

-14(2) 

0(2) 

-12(2) 
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Table  B-20.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A3x 
10  3)  for  12a. 


X 

y 

z 

U(eq) 

H2A 

2238 

1048 

1191 

60 

H3A 

1391 

-198 

654 

77 

H4A 

-817 

-594 

1217 

78 

H5A 

-2214 

249 

2327 

86 

H6A 

-1396 

1506 

2869 

68 

H9A 

5132 

4697 

3291 

39 

H10A 

5118 

6739 

2513 

43 

H11A 

3238 

7941 

1746 

44 

H12A 

1403 

7093 

1733 

40 

H13A 

-1558 

6218 

3343 

88 

H13B 

-2115 

7123 

2390 

88 

H13C 

-661 

7175 

2626 

88 

H14A 

-1208 

3925 

1892 

102 

H14B 

-2495 

4895 

2131 

102 

H14C 

-1648 

3956 

2948 

102 

H15A 

424 

6895 

597 

99 

H15B 

-1087 

6731 

552 

99 

H15C 

224 

5719 

424 

99 

H16A 

5005 

4015 

4870 

76 

H16B 

4281 

3165 

5815 

76 

H16C 

3363 

4280 

5137 

76 

H17A 

2161 

1907 

5627 

66 

H17B 

3594 

1052 

5907 

66 

H17C 

2911 

957 

5089 

66 

H18A 

5733 

1320 

3847 

73 

H18B 

6280 

1501 

4687 

73 

H18C 

6305 

2515 

3677 

73 

H19A 

-34 

1117 

4262 

46 

H20A 

-1647 

897 

5591 

63 

H21A 

-2232 

2377 

6331 

71 

H22A 

-1156 

4060 

5670 

65 

H23A 

402 

4229 

4315 

50 

H24A 

2071 

3717 

715 

56 

H25A 

3617 

3980 

-640 

83 

H26A 

5973 

3660 

-573 

88 

H27A 

6711 

3113 

913 

70 

H28A 

5088 

2841 

2250 

51 

H30A 

5967 

-1556 

959 

114 

H30B 

6655 

-416 

542 

114 

H31A 

6087 

-868 

2188 

136 

H31B 

5232 

377 

1666 

136 

H31C 

4542 

- 766 

2084 

136 

H32A 

4864 

963 

519 

109 

H32B 

4136 

-131 

842 

109 

H33A 

5575 

-318 

1773 

179 

H33B 

6043 

-1294 

1262 

179 

H33C 

6782 

-184 

935 

179 
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Table  B-21.  Crystal  data  and  structure  refinement  for  14a. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 
Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.50° 
Absorption  correction 
Max.  and  min.  transmission 
Refinement  method 
Data  / restraints  / parameters 
Goodness-of-fit  on  F2 
Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Largest  diff.  peak  and  hole 


C29  H50  N4  P2  Si2  W 

756.70 

173(2)  K 

0.71073  A 

Monoclinic 

P2(l)/n 

a = 11.4345(7)  A a=90°. 

b=  15.920(1)  A p=  92.176(1) 

c = 43.061(3)  A y = 90°. 

7833.3(8)  A3 
8 

1.283  Mg/m3 
3.1 13  mm'1 
3072 

0.09  x 0. 1 1 x 0.26  mm3 
0.95  to  27.50°. 

-14<h<14,  0<k<20,  0<1<55 
53105 

17847  [R(int)  = 0.0000] 

99.2  % 

Empirical 
0.813  and  0.554 
Full-matrix  least-squares  on  F2 
17847/0/697 
1.081 

R1  = 0.0428,  wR2  = 0.0903  [13661] 

R1  = 0.0608,  wR2  = 0.0958 
1.608  and  -4.146  e.A'3 


Rl=I(||FoMFcll)/I|F0| 

wR2  = [I[w(F02  - Fc2)2]  / Z[w(F02)2]]1/2 

S = [I[w(F02  - Fc2)2]  / (n-p)] 1 /2w=  l/[a2(Fo2)+(0.0370*p)2+0.3 1 *p],  p = [max(F02  0)+  2*  Fc2]/3 
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Table  B-22.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement 

parameters  (A^x  1()3)  for  14a.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UU  tensor. 


X 

y 

z 

U(eq) 

w 

2119(1) 

-8883(1) 

- 777(1) 

21(1) 

PI 

2571(1) 

-10377(1) 

-667(1) 

29(1) 

P2 

-33(1) 

-9144(1) 

- 779(1) 

26(1) 

Sil 

1475(1) 

-9057(1) 

-1603(1) 

26(1) 

Si2 

4891(1) 

-7975(1) 

-648(1) 

33(1) 

N1 

2041(4) 

-8689(3) 

-367(1) 

25(1) 

N2 

2285(3) 

-9210(3) 

-1257(1) 

24(1) 

N3 

3941(4) 

-8622(3) 

-857(1) 

27(1) 

N4 

1910(4) 

- 7529(3) 

-902(1) 

25(1) 

Cl 

1997(5) 

-8575(3) 

-51(1) 

28(1) 

C2 

1091(5) 

-8116(4) 

76(1) 

36(1) 

C3 

1074(7) 

-7967(4) 

396(2) 

48(2) 

C4 

1943(6) 

-8273(5) 

590(1) 

49(2) 

C5 

2829(6) 

-8731(5) 

472(1) 

52(2) 

C6 

2874(5) 

-8888(4) 

153(1) 

38(1) 

C7 

3466(4) 

-9482(4) 

-1298(1) 

31(1) 

C8 

4336(5) 

-9124(4) 

-1093(1) 

32(1) 

C9 

5514(5) 

-9327(5) 

-1144(2) 

48(2) 

CIO 

5810(6) 

-9888(6) 

-1376(2) 

65(2) 

Cll 

4961(6) 

-10268(6) 

-1563(2) 

73(3) 

C12 

3795(6) 

-10062(5) 

-1522(2) 

52(2) 

C13 

830(6) 

-10041(4) 

-1782(2) 

42(2) 

C14 

2382(6) 

-8562(4) 

-1908(1) 

48(2) 

C15 

246(5) 

-8291(4) 

-1557(1) 

37(1) 

C16 

5803(6) 

-7325(5) 

-909(2) 

50(2) 

C17 

4125(6) 

-7195(4) 

-405(2) 

47(2) 

C18 

5864(6) 

-8586(5) 

-370(1) 

47(2) 

C19 

2465(5) 

-7205(4) 

-1145(1) 

32(1) 

C20 

2431(6) 

-6360(4) 

-1217(2) 

45(2) 

C21 

1837(6) 

-5817(4) 

-1036(2) 

52(2) 

C22 

1291(6) 

-6133(4) 

-777(2) 

46(2) 

C23 

1355(5) 

-6984(3) 

-722(1) 

34(1) 

C24 

4125(6) 

-10656(5) 

-608(2) 

57(2) 

C25 

2017(6) 

-10813(4) 

-312(2) 

49(2) 

C26 

2083(8) 

-11165(4) 

-951(2) 

64(2) 

C27 

-1045(5) 

-8244(4) 

-804(2) 

46(2) 

C28 

-751(5) 

-9879(4) 

-1053(2) 

45(2) 

C29 

-541(5) 

-9588(4) 

-417(1) 

40(1) 

W' 

-4229(1) 

-8802(1) 

-2969(1) 

23(1) 

PI’ 

-3387(1) 

-7595(1) 

-3248(1) 

34(1) 

P2' 

-2360(1) 

-9014(1) 

-2656(1) 

35(1) 

Sil' 

-2931(1) 

-10431(1) 

-3420(1) 

33(1) 

Si2’ 

-7200(1) 

-8530(1) 

-3170(1) 

25(1) 

Nl’ 

-4635(4) 

-8143(3) 

-2653(1) 

31(1) 

N2' 

-3748(4) 

-9515(3) 

-3365(1) 

25(1) 

N3' 

-5784(4) 

-8743(3) 

-3272(1) 

23(1) 

N4' 

-5112(4) 

-9950(3) 

-2795(1) 

25(1) 

Cl’ 

-4869(10) 

-7697(8) 

-2378(3) 

23(3) 
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Table  B-22— continued. 


C2' 

-4633(13) 

-7959(10) 

-2077(3) 

41(3) 

C3' 

-4910(13) 

-7480(11) 

-1829(4) 

47(4) 

C4' 

-5440(13) 

-6687(12) 

-1886(4) 

46(4) 

C5' 

-5701(11) 

-6357(8) 

-2173(4) 

39(3) 

C6' 

-5422(11) 

-6905(8) 

-2422(4) 

34(3) 

Cl" 

-4963(10) 

-7509(8) 

-2452(3) 

22(3) 

C2" 

-4848(12) 

-7699(10) 

-2139(3) 

35(3) 

C3" 

-5143(12) 

-7126(11) 

-1896(3) 

36(3) 

C4" 

-5588(12) 

-6382(9) 

-2006(4) 

39(4) 

C5" 

-5714(12) 

-6176(10) 

-2325(4) 

46(4) 

C6" 

-5397(11) 

-6739(8) 

-2545(4) 

33(3) 

C7' 

-4387(5) 

-9219(3) 

-3633(1) 

26(1) 

C8' 

-5496(5) 

-8833(3) 

-3581(1) 

27(1) 

C9' 

-6182(5) 

-8558(4) 

-3838(1) 

35(1) 

CIO' 

-5791(6) 

-8635(4) 

-4140(1) 

46(2) 

cir 

-4712(7) 

-8992(4) 

-4189(1) 

50(2) 

C12' 

-4026(6) 

-9266(4) 

-3939(2) 

43(2) 

C13' 

-1461(5) 

-10234(4) 

-3589(2) 

51(2) 

C14' 

-2738(6) 

-11036(4) 

-3053(2) 

46(2) 

C15' 

-3706(5) 

-11186(4) 

-3694(2) 

44(2) 

C16' 

-7620(6) 

-7398(4) 

-3235(2) 

43(2) 

C17' 

-8288(5) 

-9210(4) 

-3389(1) 

39(1) 

C18' 

-7444(5) 

-8739(4) 

-2752(1) 

34(1) 

C19' 

-5585(4) 

-10511(3) 

-3001(1) 

26(1) 

C20' 

-6172(5) 

-11219(4) 

-2910(1) 

37(1) 

C21' 

-6319(5) 

-11373(4) 

-2598(2) 

42(2) 

C22' 

-5872(5) 

-10798(4) 

-2390(2) 

45(2) 

C23' 

-5277(5) 

-10097(4) 

-2492(1) 

35(1) 

C24' 

-2973(8) 

-6687(4) 

-3009(2) 

73(3) 

C25' 

-2069(7) 

-7771(5) 

-3465(2) 

79(3) 

C26' 

-4291(6) 

-7067(4) 

-3545(2) 

48(2) 

C2T 

-2373(7) 

-9743(5) 

-2327(2) 

63(2) 

C28' 

-1859(6) 

-8079(4) 

-2444(2) 

52(2) 

C29' 

-994(6) 

-9297(5) 

-2829(2) 

60(2) 

247 


Table  B-23. 

Bond  lengths  [A]  and  angles  [°]  for  14a. 

W-Nl 

W-N2 

W-N3 

W-N4 

W-Pl 

W-P2 

P1-C25 

P1-C26 

P1-C24 

P2-C29 

P2-C28 

P2-C27 

Sil-N2 

Sil-Cl  5 

Sil-C14 

511- C13 

512- N3 
Si2-C17 
Si2-C16 
Si2-C18 
Nl-Cl 
N2-C7 
N3-C8 
N4-C23 
N4-C19 
C1-C2 
C1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C20-C21 
C21-C22 
C22-C23 
W-Nl' 
W-N2' 
W-N3' 
W'-N4' 
W'-Pl' 
W'-P2' 
Pl'-C26' 
P1-C25' 
Pl'-C24' 
P2'-C29' 
P2-C28' 
P2-C27' 

1.795(4) 

2.151(4) 

2.166(4) 

2.232(4) 

2.4757(14) 

2.4950(13) 

1.816(7) 

1.822(6) 

1.840(6) 

1.826(6) 

1.833(6) 

1.842(6) 

1.740(4) 

1 .877(6) 

1.877(6) 

1.883(6) 

1.725(5) 

1.864(7) 

1.873(6) 

1.876(6) 

1.378(6) 

1.435(6) 

1.383(7) 

1.341(7) 

1.346(7) 

1.395(8) 

1.398(8) 

1.399(8) 

1.364(10) 

1.361(10) 

1.401(8) 

1.398(8) 

1.422(7) 

1.410(8) 

1.391(9) 

1.379(10) 

1.391(9) 

1.381(8) 

1.365(10) 

1.392(9) 

1.377(8) 

1.792(5) 

2.137(4) 

2.167(4) 

2.233(4) 

2.4794(15) 

2.5060(15) 

1.821(7) 

1.825(7) 

1.826(7) 

1.812(7) 

1.827(6) 

1.833(7) 

Table  B-23— continued. 


Sil'-N2' 

Si  1 '-Cl  4' 

Si  1 '-Cl  5' 

Sil'-C13' 

Si2'-N3' 

Si2'-C18' 

Si2'-C17' 

Si2'-C16' 

Nl'-Cl" 

Ni'-cr 

N2'-C7' 

N3'-C8' 

N4'-C23' 

N4'-C19' 

Cl'-C2' 

Cl'-C6' 

C2'-C3' 

C3'-C4' 

C4'-C5' 

C5'-C6' 

Cl"-C6" 

Cl"-C2" 

C2"-C3" 

C3"-C4" 

C4"-C5" 

C5”-C6" 

C7-C12' 

C7'-C8' 

C8'-C9' 

C9'-C10' 

C10'-C11' 

Cll'-C12' 

C19-C20' 

C20’-C21' 

C21'-C22' 

C22-C23' 

N1-W-N2 

N1-W-N3 

N2-W-N3 

N1-W-N4 

N2-W-N4 

N3-W-N4 

Nl-W-Pl 

N2-W-P1 

N3-W-P1 

N4-W-P1 

N1-W-P2 

N2-W-P2 

N3-W-P2 

N4-W-P2 

P1-W-P2 

C25-P1-C26 

C25-P1-C24 


1.752(4) 

1.860(7) 

1.881(6) 

1.884(7) 

1.726(4) 

1.863(5) 

1.876(6) 

1.882(6) 

1.393(13) 

1.416(12) 

1 .423(7) 

1 .392(6) 

1.343(7) 

1.358(7) 

1.381(19) 

1.420(17) 

1.357(19) 

1.42(2) 

1.37(2) 

1.428(19) 

1.377(18) 

1.382(18) 

1.437(19) 

1.37(2) 

1.42(2) 

1.361(19) 

1.399(7) 

1 .434(7) 

1.402(8) 

1.396(8) 

1.382(10) 

1.379(9) 

1.377(7) 

1.385(8) 

1.366(9) 

1.387(8) 

175.32(17) 

102.06(17) 

76.76(15) 

93.61(17) 

90.73(16) 

82.60(16) 

89.83(13) 

85.68(12) 

91.10(12) 

173.33(12) 

86.96(14) 

94.51(11) 

170.40(11) 

93.65(11) 

92.23(5) 

101.1(4) 

99.0(3) 
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Table  B-23— continued. 


C26-P1-C24 

C25-P1-W 

C26-P1-W 

C24-P1-W 

C29-P2-C28 

C29-P2-C27 

C28-P2-C27 

C29-P2-W 

C28-P2-W 

C27-P2-W 

N2-Sil-C15 

N2-Sil-C14 

C15-Sil-C14 

N2-Sil-C13 

C15-Sil-C13 

C14-Sil-C13 

N3-Si2-C17 

N3-Si2-C16 

C17-Si2-C16 

N3-Si2-C18 

C17-Si2-C18 

C16-Si2-C18 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 

511- N2-W 
C8-N3-Si2 
C8-N3-W 

512- N3-W 
C23-N4-C19 
C23-N4-W 
C19-N4-W 
N1-C1-C2 
N1-C1-C6 
C2-C1-C6 
C1-C2-C3 
C4-C3-C2 
C5-C4-C3 
C4-C5-C6 
C1-C6-C5 
C12-C7-C8 
C12-C7-N2 
C8-C7-N2 
N3-C8-C9 
N3-C8-C7 
C9-C8-C7 
C10-C9-C8 
C11-C10-C9 
C10-C11-C12 
C11-C12-C7 
N4-C19-C20 
C21-C20-C19 
C20-C21-C22 
C23-C22-C21 


101.3(4) 
116.7(2) 
118.6(2) 
116.9(2) 
98.8(3) 
97.5(3) 
101.2(3) 
1 14.0(2) 
121.8(2) 
119.2(2) 
112.1(2) 
111.6(3) 
103.7(3) 
114.9(3) 
107.5(3) 
106.3(3) 
113.0(2) 
111.8(3) 
104.6(3) 
111.7(3) 
105.4(3) 
109.8(3) 
177.5(4) 
114.3(3) 
107.9(3) 
136.6(2) 
120.8(4) 
110.5(3) 
128.4(2) 
116.7(5) 
122.2(3) 
120.6(4) 
120.7(5) 
121.4(5) 
117.9(5) 
120.8(6) 
120.3(6) 
119.9(6) 
121.1(6) 
119.9(6) 
119.5(5) 
124.2(5) 
116.3(5) 
125.9(5) 
116.5(5) 
117.6(5) 
121.2(6) 
121.1(6) 
118.6(7) 
121.9(6) 
122.6(6) 
119.9(6) 
118.5(6) 
118.2(6) 
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Table  B-23— continued. 


N4-C23-C22 

Nl*-W-N2' 

Nl'-W'-N3' 

N2'-W'-N3' 

Nl'-W'-N4' 

N2'-W'-N4' 

N3'-W'-N4' 

Ni'-W'-Pr 

N2'-W'-P1' 

N3'-W'-P1' 

N4'-W'-Pr 

Nl'-W’-P2' 

N2'-W'-P2' 

N3'-W'-P2' 

N4'-W'-P2' 

Pl'-W'-P2' 

C26'-P1'-C25' 

C26'-P1'-C24' 

C25'-P1'-C24' 

C26'-P1'-W' 

C25'-P1'-W' 

C24'-P1’-W' 

C29'-P2'-C28' 

C29'-P2'-C27' 

C28'-P2'-C27' 

C29'-P2'-W' 

C28'-P2'-W' 

C27'-P2'-W' 

N2'-Sil,-C14' 

N2,-Sil'-C15' 

C14'-Sir-C15' 

N2'-Sil'-C13’ 

C14'-Sil'-C13' 

C15’-Sil'-C13' 

N3'-Si2'-C18' 

N3'-Si2'-C17' 

C18'-Si2'-C17' 

N3'-Si2'-C16' 

C18'-Si2'-C16' 

C17'-Si2'-C16' 

Cl"-Nr-Cl' 

cr'-Ni'-w 

cr-Ni'-w 

C7'-N2'-Sir 

C7'-N2'-W' 

Sil'-N2'-W 

C8'-N3'-Si2' 

C8'-N3'-W 

Si2'-N3'-W' 

C23'-N4'-C19' 

C23'-N4'-W' 

C19'-N4'-W' 

C2'-C1'-N1’ 

C2'-C1'-C6' 


124.0(6) 

176.21(19) 

101.55(17) 

76.92(15) 

95.20(18) 

88.06(16) 

82.33(15) 

91.72(15) 

84.83(12) 

90.00(11) 

170.56(12) 

84.89(14) 

96.75(12) 

173.35(11) 

95.53(11) 

91.47(5) 

99.6(4) 

99.1(3) 

102.1(4) 

118.5(2) 

118.2(3) 

116.0(3) 

98.6(3) 

101.1(4) 

98.1(4) 

122.9(3) 

113.9(2) 

118.0(2) 

111.2(3) 

112.1(3) 

103.9(3) 

113.7(3) 

109.6(3) 

105.7(3) 

112.7(2) 

111.7(2) 

105.1(3) 

112.8(3) 

105.5(3) 

108.5(3) 

18.2(6) 

168.9(7) 

172.4(7) 

115.1(3) 

109.3(3) 

134.9(2) 

121.4(3) 

110.6(3) 

127.8(2) 

117.0(5) 

123.4(4) 

119.4(3) 

126.8(11) 

117.6(12) 
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Table  B-23— continued. 


Nl'-Cl'-Cff 

C3'-C2'-Cr 

C2'-C3'-C4' 

C5'-C4'-C3' 

C4'-C5'-C6' 

Cl'-C6'-C5' 

C6"-C1"-C2" 

C6"-C1"-N1' 

C2"-C1"-N1' 

Cl"-C2"-C3" 

C4"-C3"-C2" 

C3"-C4"-C5" 

C6"-C5"-C4" 

C5"-C6"-C1" 

C12'-C7'-N2' 

C12'-C7'-C8' 

N2'-C7'-C8' 

N3'-C8'-C9' 

N3'-C8'-C7' 

C9'-C8'-C7' 

C10'-C9'-C8' 

Cll’-ClO'-CO' 

cn'-cii'-cio' 

Cll'-C12'-C7' 

N4'-C19'-C20' 

C19'-C20'-C21’ 

C22'-C21'-C20' 

C21'-C22'-C23' 

N4'-C23'-C22' 


115.5(11) 

121.7(15) 

118.4(15) 

125.2(15) 

113.4(13) 

123.6(13) 

119.9(12) 

124.5(11) 

115.5(11) 

123.6(13) 

113.2(13) 

124.0(14) 

120.1(14) 

119.2(14) 

125.9(5) 

117.6(5) 

116.5(4) 

125.2(5) 

115.9(4) 

118.9(5) 

121.2(6) 

119.9(6) 

119.6(6) 

122.7(6) 

122.5(5) 

120.0(6) 

117.5(6) 

120.5(6) 

122.4(6) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 


252 


Table  B-24.  Anisotropic  displacement  parameters  (A^x  10^)  for  14a.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  h^  a*2fjl  1 + ...  + 2 h k a*  b*  ]. 


U» 

u22 

U33 

U23 

U13 

U12 

w 

19(1) 

25(1) 

19(1) 

2(1) 

1(1) 

-1(1) 

PI 

31(1) 

29(1) 

25(1) 

2(1) 

-2(1) 

2(1) 

P2 

21(1) 

31(1) 

25(1) 

4(1) 

3(1) 

-3(1) 

Sil 

28(1) 

32(1) 

19(1) 

2(1) 

-2(1) 

-4(1) 

Si2 

25(1) 

44(1) 

28(1) 

4(1) 

-3(1) 

-10(1) 

N1 

25(2) 

23(2) 

27(2) 

5(2) 

3(2) 

-3(2) 

N2 

19(2) 

34(2) 

17(2) 

-1(2) 

2(2) 

1(2) 

N3 

21(2) 

38(3) 

23(2) 

0(2) 

4(2) 

0(2) 

N4 

29(2) 

28(2) 

19(2) 

6(2) 

-1(2) 

-4(2) 

Cl 

34(3) 

29(3) 

20(2) 

-3(2) 

3(2) 

-6(2) 

C2 

44(3) 

33(3) 

31(3) 

2(2) 

13(3) 

3(3) 

C3 

68(5) 

38(3) 

41(4) 

-13(3) 

25(3) 

-6(3) 

C4 

59(4) 

66(5) 

22(3) 

-15(3) 

9(3) 

-22(4) 

C5 

44(4) 

87(6) 

23(3) 

-5(3) 

-5(3) 

-19(4) 

C6 

25(3) 

63(4) 

26(3) 

-2(3) 

2(2) 

-11(3) 

Cl 

19(2) 

51(4) 

24(3) 

-5(2) 

1(2) 

5(2) 

C8 

24(3) 

49(3) 

24(3) 

5(2) 

2(2) 

2(2) 

C9 

20(3) 

82(5) 

41(4) 

-15(3) 

0(3) 

2(3) 

CIO 

31(4) 

1 1 8(7) 

47(4) 

-18(4) 

4(3) 

21(4) 

Cll 

43(4) 

123(8) 

51(4) 

-45(5) 

-5(3) 

32(5) 

C12 

34(3) 

85(5) 

36(3) 

-22(4) 

- 7(3) 

16(3) 

C13 

43(4) 

41(3) 

40(3) 

-5(3) 

-8(3) 

-7(3) 

C14 

59(4) 

57(4) 

28(3) 

11(3) 

14(3) 

-13(3) 

C15 

38(3) 

43(3)  . 

29(3) 

14(3) 

-7(2) 

-1(3) 

C16 

39(4) 

60(4) 

50(4) 

10(3) 

2(3) 

-17(3) 

C17 

39(4) 

57(4) 

46(4) 

-14(3) 

1(3) 

-17(3) 

C18 

39(3) 

66(5) 

34(3) 

6(3) 

-12(3) 

-12(3) 

C19 

31(3) 

36(3) 

30(3) 

0(2) 

-2(2) 

-7(2) 

C20 

54(4) 

39(4) 

43(4) 

17(3) 

2(3) 

-16(3) 

C21 

64(5) 

27(3) 

64(5) 

10(3) 

-4(4) 

-10(3) 

C22 

49(4) 

31(3) 

59(4) 

1(3) 

5(3) 

0(3) 

C23 

36(3) 

30(3) 

35(3) 

2(2) 

3(2) 

3(2) 

C24 

35(4) 

58(5) 

77(5) 

20(4) 

6(3) 

16(3) 

C25 

50(4) 

39(4) 

58(4) 

15(3) 

3(3) 

12(3) 

C26 

103(6) 

35(4) 

53(4) 

-18(3) 

-27(4) 

9(4) 

Cll 

30(3) 

47(4) 

60(4) 

15(3) 

6(3) 

11(3) 

C28 

33(3) 

60(4) 

41(4) 

1(3) 

-3(3) 

-17(3) 

C29 

29(3) 

59(4) 

33(3) 

9(3) 

9(2) 

-4(3) 

W' 

23(1) 

18(1) 

29(1) 

0(1) 

3(1) 

0(1) 

pr 

36(1) 

21(1) 

46(1) 

1(1) 

9(1) 

-4(1) 

P2* 

27(1) 

30(1) 

48(1) 

-1(1) 

-6(1) 

1(1) 

Sil' 

27(1) 

22(1) 

52(1) 

-7(1) 

8(1) 

2(1) 

Si2' 

24(1) 

25(1) 

26(1) 

-1(1) 

4(1) 

2(1) 

Nlf 

25(2) 

30(2) 

37(3) 

-3(2) 

1(2) 

1(2) 

N2' 

23(2) 

18(2) 

34(2) 

-3(2) 

6(2) 

1(2) 

N3* 

27(2) 

23(2) 

19(2) 

0(2) 

5(2) 

1(2) 

N4' 

23(2) 

25(2) 

26(2) 

4(2) 

5(2) 

1(2) 

CT 

35(3) 

18(2) 

27(3) 

0(2) 

8(2) 

-4(2) 

C8' 

38(3) 

20(2) 

23(2) 

5(2) 

10(2) 

-1(2) 
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Table  B -24— continued. 


C9' 

46(3) 

29(3) 

30(3) 

3(2) 

6(3) 

1(3) 

CIO' 

71(5) 

43(4) 

24(3) 

4(3) 

5(3) 

1(3) 

cir 

81(5) 

42(4) 

30(3) 

1(3) 

30(3) 

-3(3) 

C12' 

54(4) 

32(3) 

44(4) 

2(3) 

25(3) 

2(3) 

C13' 

35(3) 

50(4) 

68(5) 

-13(4) 

13(3) 

9(3) 

C14' 

43(4) 

28(3) 

67(4) 

-1(3) 

1(3) 

6(3) 

C15' 

43(3) 

30(3) 

58(4) 

-11(3) 

2(3) 

0(3) 

C16' 

44(4) 

35(3) 

51(4) 

-4(3) 

10(3) 

14(3) 

C17' 

34(3) 

44(3) 

39(3) 

-11(3) 

3(3) 

-5(3) 

C18' 

29(3) 

45(3) 

28(3) 

-5(3) 

7(2) 

-1(3) 

C19' 

27(3) 

25(3) 

25(3) 

2(2) 

4(2) 

4(2) 

C20' 

35(3) 

28(3) 

46(3) 

3(3) 

1(3) 

-7(2) 

C21' 

43(3) 

35(3) 

49(4) 

12(3) 

3(3) 

-9(3) 

C22' 

43(4) 

55(4) 

36(3) 

19(3) 

2(3) 

-4(3) 

C23' 

41(3) 

36(3) 

28(3) 

3(2) 

-5(2) 

-2(3) 

C24' 

110(7) 

36(4) 

71(5) 

0(4) 

-13(5) 

-32(4) 

C25' 

52(5) 

51(5) 

137(8) 

23(5) 

52(5) 

-6(4) 

C26' 

65(5) 

28(3) 

52(4) 

10(3) 

6(3) 

-4(3) 

C2T 

62(5) 

68(5) 

58(5) 

23(4) 

-19(4) 

-4(4) 

C28' 

43(4) 

45(4) 

65(5) 

-15(3) 

-15(3) 

-4(3) 

C29' 

31(3) 

65(5) 

83(6) 

-18(4) 

-1(4) 

14(3) 
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Table  B-25.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A^ 
10  3)  for  14a. 


X 

y 

z 

U(eq) 

H2A 

478 

- 7902 

-57 

43 

H3A 

453 

-7651 

479 

58 

H4A 

1930 

-8167 

807 

59 

H5A 

3427 

-8947 

609 

62 

H6A 

3500 

-9207 

74 

45 

H9A 

6116 

-9077 

-1017 

57 

H10A 

6611 

-10012 

-1406 

78 

H11A 

5168 

-10662 

-1718 

87 

H12A 

3205 

-10322 

-1650 

62 

H13A 

1393 

-10293 

-1920 

62 

H13B 

109 

-9901 

-1901 

62 

H13C 

652 

-10440 

-1617 

62 

H14A 

2709 

-8031 

-1830 

71 

H14B 

1889 

-8455 

-2095 

71 

H14C 

3020 

-8943 

-1959 

71 

H15A 

-373 

-8556 

-1440 

55 

H15B 

-70 

-8123 

-1762 

55 

H15C 

539 

-7794 

-1444 

55 

H16A 

6199 

-7693 

-1054 

74 

H16B 

6388 

-7013 

-783 

74 

H16C 

5299 

-6930 

-1026 

74 

H17A 

3678 

-6807 

-540 

71 

H17B 

4704 

-6880 

-278 

71 

H17C 

3592 

-7489 

-269 

71 

H18A 

5396 

-8818 

-204 

70 

H18B 

6468 

-8214 

- 279 

70 

H18C 

6237 

-9045 

-481 

70 

H19A 

2897 

- 7572 

-1271 

39 

H20A 

2821 

-6158 

-1393 

54 

H21A 

1798 

-5235 

-1084 

62 

H22A 

884 

- 5772 

-642 

55 

H23A 

983 

-7198 

-545 

40 

H24A 

4504 

-10257 

-464 

85 

H24B 

4509 

-10636 

-808 

85 

H24C 

4189 

-11225 

-522 

85 

H25A 

1164 

-10865 

-333 

73 

H25B 

2225 

-10440 

-137 

73 

H25C 

2363 

-11368 

-274 

73 

H26A 

2475 

-11700 

-903 

96 

H26B 

2278 

-10981 

-1159 

96 

H26C 

1234 

-11239 

-941 

96 

H27A 

-1854 

-8449 

-811 

68 

H27B 

-903 

-7921 

-992 

68 

H27C 

-916 

-7885 

-621 

68 

H28A 

-355 

-10424 

-1040 

67 

H28B 

-710 

-9658 

-1265 

67 

H28C 

-1573 

-9947 

-1001 

67 

H29A 

-1391 

-9520 

-410 

60 
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Table  B-25— continued. 


H29B 

-161 

-9296 

-240 

60 

H29C 

-344 

-10187 

-407 

60 

H2'A 

-4269 

-8489 

-2041 

49 

H3'A 

-4753 

-7671 

-1623 

56 

H4'A 

-5629 

-6359 

-1711 

55 

H5'A 

-6034 

-5815 

-2204 

47 

H6'A 

-5618 

-6731 

-2629 

41 

H2"A 

-4557 

-8238 

-2081 

42 

H3"A 

-5040 

-7253 

-1681 

43 

H4"A 

-5827 

-5978 

-1859 

46 

H5MA 

-6019 

-5644 

-2387 

55 

H6"A 

- 5474 

-6602 

- 2759 

40 

H9'A 

- 6927 

-8315 

-3806 

42 

H10B 

-6265 

-8442 

-4311 

55 

H11B 

-4444 

-9049 

-4394 

60 

H12B 

- 3277 

-9496 

- 3976 

51 

H13D 

-1569 

-10072 

-3808 

76 

H13E 

-988 

-10747 

-3574 

76 

H13F 

-1060 

-9781 

- 3474 

76 

HMD 

-2141 

-10764 

-2918 

69 

HME 

-2489 

-11610 

-3099 

69 

HMF 

-3481 

-11053 

-2947 

69 

HMD 

-4522 

-11246 

-3636 

66 

HME 

-3318 

-11734 

-3681 

66 

HMF 

-3681 

-10972 

- 3907 

66 

HMD 

-7125 

-7038 

-3101 

65 

HME 

-8442 

-7319 

-3186 

65 

HMF 

-7512 

-7249 

-3453 

65 

H17D 

- 8257 

-9092 

-3612 

58 

H17E 

-9076 

-9091 

-3319 

58 

H17F 

-8099 

-9803 

-3351 

58 

H18D 

-7398 

-9345 

-2713 

51 

H18E 

-8219 

-8533 

-2699 

51 

H18F 

-6842 

-8451 

-2624 

51 

H19B 

-5507 

-10410 

-3217 

31 

H20B 

-6477 

-11602 

-3062 

44 

H21B 

-6716 

-11861 

-2530 

51 

H22B 

-5969 

-10879 

-2174 

53 

H23B 

-4976 

-9707 

-2343 

42 

H24D 

-2192 

-6777 

-2913 

109 

H24E 

-3541 

-6613 

-2846 

109 

H24F 

-2966 

-6182 

-3139 

109 

H25D 

-2215 

-8220 

-3617 

118 

H25E 

-1424 

-7935 

-3321 

118 

H25F 

-1862 

-7253 

- 3573 

118 

H26D 

-3888 

-6562 

-3615 

72 

H26E 

-5040 

-6909 

-3459 

72 

H26F 

-4431 

-7447 

-3722 

72 

H27D 

-2688 

-10286 

-2397 

94 

H27E 

-2865 

-9513 

-2165 

94 

H27F 

- 1573 

-9819 

-2241 

94 

H28D 

-1260 

-8239 

-2286 

78 

H28E 

-2522 

-7819 

-2342 

78 

H28F 

-1527 

- 7678 

-2589 

78 
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Table  B-25— continued. 


H29D 

-820 

-8893 

-2992 

90 

H29E 

-1064 

-9861 

-2919 

90 

H29F 

-362 

-9292 

-2669 

90 
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Table  B-26.  Crystal  data  and  structure  refinement  for  15. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 

Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.49° 
Absorption  correction 
Max.  and  min.  transmission 
Refinement  method 
Data  / restraints  / parameters 
Goodness-of-fit  on  F2 
Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Largest  diff.  peak  and  hole 


C32  H37  N3  Si2  W 

703.68 

173(2) K 

0.71073  A 

Monoclinic 

P2(l)/n 

a = 12.5177(5)  A a=90°. 

b=  15.6686(7)  A p=  93.285(1) 

c=  15.9709(7)  A y = 90°. 

3127.3(2)  A3 
4 

1.495  Mg/m3 
3.795  mm'1 
1408 

0.23  x 0.15  x 0.03  mm3 
2.01  to  27.49°. 

-14<h<16,  -20<k<19,  -19<1<20 
22400 

7161  [R(int)  = 0.0359] 

99.7  % 

Integration 

0.8741  and  0.4884 

Full-matrix  least-squares  on  F2 

7161/0/349 

1.038 

R1  = 0.0208,  wR2  = 0.0487  [6182] 

R1  =0.0271,  wR2  = 0.0510 
0.509  and  -0.326  e.A  3 


Rl=I(l|F0|-|Fcll)/S|F0| 

wR2  = [I[w(F02  - Fc2)2]  / Z[w(F02)2]]1/2 

S = [Z[w(F02  - Fc2)2]  / (n-p)],/2w=  l/[a2(Fo2)+(0.0370*p)2+0.31  *p],  p = [max(Fo2,0)+  2*  Fc2]/3 
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Table  B-27.  Atomic  coordinates  ( x 10^)  and  equivalent  isotropic  displacement 

parameters  (A^x  10^)  for  15.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  uy  tensor. 


X 

y 

z 

U(eq) 

w 

4890(1) 

2139(1) 

945(1) 

23(1) 

Sil 

4666(1) 

3032(1) 

-1005(1) 

31(1) 

Si2 

2853(1) 

1047(1) 

1860(1) 

27(1) 

N1 

5686(2) 

1241(1) 

774(1) 

28(1) 

N2 

4185(2) 

2751(1) 

-25(1) 

26(1) 

N3 

3391(2) 

1863(1) 

1260(1) 

24(1) 

Cl 

6542(2) 

672(2) 

808(2) 

25(1) 

C2 

7576(2) 

966(2) 

992(2) 

34(1) 

C3 

8429(2) 

405(2) 

997(2) 

41(1) 

C4 

8262(2) 

-448(2) 

826(2) 

38(1) 

C5 

7240(2) 

-746(2) 

657(2) 

37(1) 

C6 

6378(2) 

-196(2) 

644(2) 

31(1) 

Cl 

3329(2) 

3127(2) 

382(2) 

25(1) 

C8 

2926(2) 

2652(2) 

1064(2) 

24(1) 

C9 

2098(2) 

3022(2) 

1513(2) 

30(1) 

CIO 

1665(2) 

3797(2) 

1283(2) 

35(1) 

Cll 

2055(2) 

4248(2) 

606(2) 

36(1) 

C12 

2878(2) 

3929(2) 

175(2) 

31(1) 

C13 

5673(3) 

2205(2) 

-1221(2) 

45(1) 

C14 

5296(2) 

4109(2) 

-954(2) 

46(1) 

C15 

3563(3) 

3006(2) 

-1832(2) 

53(1) 

C16 

3588(2) 

53(2) 

1639(2) 

40(1) 

C17 

3029(2) 

1267(2) 

3006(2) 

35(1) 

C18 

1404(2) 

915(2) 

1535(2) 

40(1) 

C19 

5928(2) 

3034(2) 

1465(2) 

28(1) 

C20 

5281(2) 

2772(2) 

2047(2) 

28(1) 

C21 

6856(2) 

3596(2) 

1427(2) 

28(1) 

C22 

7590(2) 

3483(2) 

810(2) 

34(1) 

C23 

8504(2) 

3976(2) 

797(2) 

41(1) 

C24 

8687(2) 

4608(2) 

1386(2) 

42(1) 

C25 

7955(2) 

4750(2) 

1995(2) 

44(1) 

C26 

7055(2) 

4245(2) 

2018(2) 

37(1) 

Cll 

5072(2) 

2868(2) 

2935(2) 

26(1) 

C28 

5629(2) 

2383(2) 

3546(2) 

34(1) 

C29 

5383(2) 

2434(2) 

4383(2) 

38(1) 

C30 

4567(2) 

2962(2) 

4614(2) 

36(1) 

C31 

4010(2) 

3439(2) 

4018(2) 

35(1) 

C32 

4251(2) 

3398(2) 

3182(2) 

31(1) 
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Table  B-28. 


W-Nl 

W-N2 

W-N3 

W-C20 

W-C19 

W-C8 

W-C7 

Sil-N2 

Sil-C13 

Sil-Cl  5 

511- C14 

512- N3 
Si2-C16 
Si2-C17 
Si2-C18 
Nl-Cl 
N2-C7 
N3-C8 
C1-C2 
C1-C6 
C2-C3 
C3-C4 
C4-C5 
C6-C5 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C19-C21 
C20-C27 
C21-C22 
C21-C26 
C22-C23 
C23-C24 
C24-C25 
C25-C26 
C27-C28 
C27-C32 
C28-C29 
C29-C30 
C30-C3 1 
C31-C32 

N1-W-N2 

N1-W-N3 

N2-W-N3 

N1-W-C20 

N2-W-C20 

N3-W-C20 

N1-W-C19 


Bond  lengths  [A]  and  angles  [°]  for  15. 


1.756(2) 

1.984(2) 

2.0168(19) 

2.054(3) 

2.054(3) 

2.603(2) 

2.611(2) 

1.765(2) 

1.854(3) 

1.857(4) 

1.862(3) 

1.755(2) 

1.853(3) 

1.862(3) 

1.869(3) 

1.391(3) 

1.414(3) 

1.396(3) 

1.390(4) 

1.397(3) 

1.382(4) 

1.378(4) 

1.374(4) 

1.380(4) 

1.409(3) 

1.434(3) 

1.418(3) 

1.371(4) 

1 .402(4) 
1.367(4) 
1.332(4) 
1.462(3) 
1.466(3) 
1.396(3) 

1 .400(4) 
1.382(4) 
1.376(4) 
1.393(4) 
1.378(4) 
1.391(4) 
1.396(3) 

1 .392(4) 
1.381(4) 
1.369(4) 
1.387(4) 

119.74(9) 

114.27(9) 

85.42(8) 

114.24(10) 

120.62(9) 

94.05(9) 

104.97(10) 
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Table  B-28— continued. 


N2-W-C19 

N3-W-C19 

C20-W-C19 

N1-W-C8 

N2-W-C8 

N3-W-C8 

C20-W-C8 

C19-W-C8 

N1-W-C7 

N2-W-C7 

N3-W-C7 

C20-W-C7 

C19-W-C7 

C8-W-C7 

N2-Sil-C13 

N2-Sil-C15 

C13-Sil-C15 

N2-Sil-C14 

C13-Sil-C14 

C15-Sil-C14 

N3-Si2-C16 

N3-Si2-C17 

C16-Si2-C17 

N3-Si2-C18 

C16-Si2-C18 

C17-Si2-C18 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 

511- N2-W 
C8-N3-Si2 
C8-N3-W 

512- N3-W 
C2-C1-N1 
C2-C1-C6 
N1-C1-C6 
C3-C2-C1 
C4-C3-C2 
C5-C4-C3 
C5-C6-C1 
C4-C5-C6 
C12-C7-N2 
C12-C7-C8 
N2-C7-C8 
C12-C7-W 
N2-C7-W 
C8-C7-W 
N3-C8-C9 
N3-C8-C7 
C9-C8-C7 
N3-C8-W 
C9-C8-W 
C7-C8-W 
C10-C9-C8 


103.19(9) 

128.50(9) 

37.85(10) 

143.70(9) 

61.87(8) 

32.08(8) 

88.23(9) 

109.78(9) 

147.31(9) 

32.31(8) 

61.63(8) 

98.44(9) 

100.29(9) 

3 1 .92(7) 
105.13(12) 
110.36(13) 
109.76(17) 
110.69(12) 
110.54(14) 
110.25(16) 
107.29(11) 
112.00(11) 
108.10(14) 
109.03(12) 
109.79(14) 
110.56(13) 
161.77(18) 
127.55(17) 
99.06(15) 
130.84(12) 
126.86(16) 
97.79(14) 
133.18(12) 
120.1(2) 
119.1(2) 
120.8(2) 
120.0(3) 
120.5(3) 
119.8(3) 
120.0(2) 
120.6(3) 
124.6(2) 
119.1(2) 
116.2(2) 
152.98(19) 
48.63(11) 
73.74(14) 
123.8(2) 
118.0(2) 
118.1(2) 
50.13(11) 
152.08(19) 
74.35(13) 
121.0(2) 
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Table  B-28— continued. 


C9-C10-C1 1 

C12-C11-C10 

C11-C12-C7 

C20-C19-C21 

C20-C19-W 

C21-C19-W 

C19-C20-C27 

C19-C20-W 

C27-C20-W 

C22-C21-C26 

C22-C21-C19 

C26-C21-C19 

C23-C22-C21 

C24-C23-C22 

C23-C24-C25 

C26-C25-C24 

C25-C26-C21 

C28-C27-C32 

C28-C27-C20 

C32-C27-C20 

C27-C28-C29 

C30-C29-C28 

C31-C30-C29 

C30-C31-C32 

C31-C32-C27 

120.2(2) 

120.6(3) 

120.8(2) 

137.0(3) 

71.05(16) 

151.72(19) 

142.5(3) 

71.10(16) 

146.28(19) 

118.0(2) 

120.6(2) 

121.4(2) 

121.3(3) 

119.8(3) 

120.1(3) 

1 19.9(3) 
120.9(3) 
118.3(2) 
120.8(2) 
120.7(2) 
120.9(3) 
119.8(3) 
119.9(3) 
120.9(3) 
120.2(3) 

Symmetry  transformations  used  to  generate  equivalent  atoms: 


262 


Table  B-29.  Anisotropic  displacement  parameters  (A^x  10^)  for  15.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  a*^U^  + ...  + 2hka*b*U^ 


U11 

u22 

U33 

u23 

U13 

u12 

w 

21(1) 

25(1) 

22(1) 

-1(1) 

4(1) 

1(1) 

Sil 

32(1) 

35(1) 

25(1) 

3(1) 

8(1) 

-1(1) 

Si2 

25(1) 

29(1) 

27(1) 

2(1) 

6(1) 

-2(1) 

N1 

26(1) 

28(1) 

29(1) 

-2(1) 

5(1) 

1(1) 

N2 

27(1) 

29(1) 

23(1) 

1(1) 

6(1) 

3(1) 

N3 

23(1) 

26(1) 

24(1) 

0(1) 

5(1) 

0(1) 

Cl 

26(1) 

28(1) 

20(1) 

2(1) 

3(1) 

3(1) 

C 2 

30(1) 

31(1) 

40(2) 

5(1) 

1(1) 

-1(1) 

C3 

25(1) 

50(2) 

48(2) 

13(1) 

1(1) 

2(1) 

C4 

35(2) 

46(2) 

33(2) 

8(1) 

5(1) 

18(1) 

C5 

47(2) 

31(1) 

33(2) 

-4(1) 

-5(1) 

9(1) 

C6 

31(1) 

33(1) 

30(1) 

-4(1) 

-3(1) 

1(1) 

C7 

24(1) 

27(1) 

24(1) 

-1(1) 

2(1) 

3(1) 

C8 

22(1) 

27(1) 

22(1) 

-1(1) 

1(1) 

1(1) 

C9 

29(1) 

34(1) 

26(1) 

-3(1) 

5(1) 

3(1) 

CIO 

32(1) 

42(2) 

31(1) 

-9(1) 

3(1) 

10(1) 

Cll 

42(2) 

30(1) 

37(2) 

0(1) 

-1(1) 

10(1) 

C12 

36(2) 

28(1) 

30(1) 

3(1) 

3(1) 

2(1) 

C13 

51(2) 

43(2) 

43(2) 

3(1) 

26(2) 

5(1) 

C14 

47(2) 

37(2) 

55(2) 

5(1) 

18(2) 

-6(1) 

C15 

53(2) 

72(2) 

33(2) 

10(2) 

-1(1) 

-1(2) 

C16 

50(2) 

29(1) 

41(2) 

4(1) 

12(1) 

4(1) 

C17 

38(2) 

38(2) 

30(1) 

2(1) 

5(1) 

-3(1) 

C18 

29(1) 

49(2) 

44(2) 

2(1) 

4(1) 

-11(1) 

C19 

27(1) 

27(1) 

29(1) 

1(1) 

2(1) 

3(1) 

C20 

25(1) 

30(1) 

29(1) 

-3(1) 

1(1) 

4(1) 

C21 

28(1) 

27(1) 

28(1) 

3(1) 

0(1) 

-2(1) 

C22 

31(1) 

32(1) 

38(2) 

-2(1) 

8(1) 

-1(1) 

C23 

33(2) 

37(2) 

53(2) 

5(1)  . 

12(1) 

-1(1) 

C24 

31(2) 

38(2) 

57(2) 

8(1) 

-3(1) 

-7(1) 

C25 

52(2) 

38(2) 

40(2) 

-4(1) 

-8(1) 

-12(1) 

C26 

42(2) 

41(2) 

28(1) 

-3(1) 

4(1) 

-5(1) 

C27 

24(1) 

31(1) 

25(1) 

-4(1) 

3(1) 

-7(1) 

C28 

31(1) 

38(2) 

33(2) 

3(1) 

2(1) 

5(1) 

C29 

39(2) 

44(2) 

30(1) 

8(1) 

-5(1) 

-4(1) 

C30 

40(2) 

43(2) 

24(1) 

-3(1) 

7(1) 

-11(1) 

C31 

33(1) 

39(2) 

32(1) 

-8(1) 

7(1) 

1(1) 

C32 

31(1) 

34(1) 

28(1) 

0(1) 

1(1) 

3(1) 
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Table  B-30.  Hydrogen  coordinates  ( x l(p)  and  isotropic  displacement  parameters 
(A2x  10  3)  for  15. 


X 

y 

z 

U(eq) 

H2A 

7698 

1552 

1113 

40 

H3A 

9135 

609 

1120 

49 

H4A 

8851 

-830 

825 

45 

H6A 

5675 

-406 

524 

38 

H5A 

7125 

-1336 

548 

45 

H9A 

1838 

2728 

1980 

35 

H10A 

1100 

4029 

1584 

41 

HI  1A 

1743 

4781 

446 

44 

H12A 

3149 

4251 

-270 

37 

H13A 

6267 

2235 

-795 

67 

H13B 

5944 

2303 

-1777 

67 

H13C 

5341 

1639 

-1206 

67 

H14A 

4747 

4540 

- 867 

69 

H14B 

5633 

4225 

-1481 

69 

H14C 

5839 

4127 

-488 

69 

H15A 

3231 

2439 

-1846 

79 

H15B 

3849 

3129 

- 2377 

79 

H15C 

3026 

3437 

-1709 

79 

H16A 

3510 

-73 

1037 

60 

H16B 

3295 

-420 

1955 

60 

H16C 

4348 

127 

1807 

60 

H17A 

3793 

1320 

3167 

53 

H17B 

2723 

797 

3318 

53 

H17C 

2663 

1800 

3134 

53 

H18A 

1008 

1423 

1698 

61 

H18B 

1121 

412 

1812 

61 

H18C 

1322 

841 

926 

61 

H22A 

7458 

3060 

391 

40 

H23A 

9006 

3878 

383 

49 

H24A 

9315 

4948 

1377 

50 

H25A 

8075 

5194 

2395 

52 

H26A 

6564 

4338 

2440 

44 

H28A 

6184 

2013 

3389 

41 

H29A 

5776 

2106 

4796 

45 

H30A 

4393 

2994 

5184 

43 

H31A 

3450 

3803 

4180 

42 

H32A 

3855 

3732 

2776 

37 
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Table  B-31.  Crystal  data  and  structure  refinement  for  17. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 
Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.50° 
Absorption  correction 
Max.  and  min.  transmission 
Refinement  method 
Data  / restraints  / parameters 
Goodness-of-fit  on  F2 
Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Largest  diff.  peak  and  hole 


C24  H37  N3  Si2  W 

607.60 

173(2)  K 

0.71073  A 

Triclinic 

P-1 

a = 13.1319(8)  A cc=  72.410(1)°. 

b = 14.0221(9)  A p=  84.247(1)°. 

c = 15.0036(9)  A y = 89.938(1)°. 

2619.0(3)  A3 
4 

1.541  Mg/m3 
4.517  mm-1 
1216 

0.17  x 0.15  x 0.03  mm3 
1.56  to  27.50°. 

-14<h<17,  -18<k<18,  -19<1<16 
19003 

11758  [R(int)  = 0.0348] 

97.8  % 

Integration 

0.8758  and  0.5259 

Full-matrix  least-squares  on  F2 

11758/0/589 

1.005 

R1  = 0.0300,  wR2  = 0.0655  [9440] 

R1  = 0.0434,  wR2  = 0.0722 
0.742  and  -0.841  e.A"3 


Rl=Z(||FoMFc||)/Z|Fo| 

wR2  = [I[w(F02  - Fc2)2]  / I[w(F02)2]]I/2 

S = [Z[w(F02  - Fc2)2]  / (n-p)]1/2 

w=  l/[cr2(Fo2)+(0.0370*p)2+0.3 1 *p],  p = [max(Fo2,0)+  2*  Fc2]/3 
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Table  B-32.  Atomic  coordinates  ( x 1 0^)  and  equivalent  isotropic  displacement 

parameters  (A^x  1(P)  for  17.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  UU  tensor. 


X 

y 

z 

U(eq) 

w 

282(1) 

3711(1) 

2857(1) 

22(1) 

Sil 

529(1) 

3104(1) 

800(1) 

28(1) 

Si2 

917(1) 

6124(1) 

2723(1) 

27(1) 

N1 

-1053(3) 

3816(3) 

2937(3) 

26(1) 

N2 

985(2) 

3669(2) 

1594(2) 

21(1) 

N3 

1167(2) 

5000(2) 

2454(2) 

20(1) 

Cl 

-2111(3) 

3744(3) 

3149(3) 

25(1) 

C2 

-2532(4) 

3292(4) 

4067(4) 

36(1) 

C3 

-3576(4) 

3172(4) 

4293(4) 

47(1) 

C4 

-4227(4) 

3499(4) 

3597(5) 

48(1) 

C5 

-3826(4) 

3968(3) 

2686(4) 

39(1) 

C6 

-2779(3) 

4088(3) 

2454(4) 

33(1) 

C7 

1939(3) 

4162(3) 

1411(3) 

21(1) 

C8 

2038(3) 

4896(3) 

1887(3) 

22(1) 

C9 

2979(3) 

5419(3) 

1756(3) 

28(1) 

CIO 

3784(3) 

5246(3) 

1178(4) 

33(1) 

Cll 

3687(3) 

4541(3) 

711(3) 

34(1) 

C12 

2771(3) 

4011(3) 

816(3) 

28(1) 

C13 

786(4) 

3969(4) 

-426(4) 

41(1) 

C14 

1133(4) 

1884(4) 

898(4) 

46(1) 

C15 

-877(3) 

2888(4) 

1084(4) 

41(1) 

C16 

1235(4) 

7197(3) 

1632(4) 

40(1) 

C17 

1641(4) 

6283(4) 

3686(4) 

39(1) 

C18 

-470(3) 

6120(4) 

3130(4) 

38(1) 

C19 

612(4) 

3495(4) 

4301(3) 

34(1) 

C20 

1581(4) 

3128(3) 

3958(3) 

34(1) 

C21 

1495(4) 

2411(3) 

3512(3) 

33(1) 

C22 

450(4) 

2101(3) 

3418(4) 

36(1) 

C23 

2588(4) 

3602(4) 

4017(4) 

45(1) 

C24 

2408(4) 

2015(4) 

3060(4) 

47(1) 

W 

5330(1) 

9373(1) 

2878(1) 

22(1) 

Sil* 

5520(1) 

11346(1) 

849(1) 

28(1) 

Si2' 

5979(1) 

7093(1) 

2612(1) 

24(1) 

Nl' 

3995(3) 

9207(3) 

2982(3) 

29(1) 

N2’ 

6015(3) 

10281(2) 

1628(2) 

22(1) 

N3' 

6222(3) 

8379(2) 

2428(3) 

24(1) 

Cl' 

2949(3) 

9205(3) 

3238(4) 

30(1) 

C2’ 

2587(4) 

9215(4) 

4150(4) 

43(1) 

C3' 

1561(4) 

9252(5) 

4406(5) 

55(2) 

C4' 

856(4) 

9265(4) 

3779(5) 

50(2) 

C5' 

1199(4) 

9261(4) 

2878(5) 

46(1) 

C6' 

2235(4) 

9229(3) 

2606(4) 

41(1) 

CT 

6982(3) 

9923(3) 

1439(3) 

22(1) 

C8' 

7093(3) 

8885(3) 

1888(3) 

22(1) 

C9' 

8049(3) 

8466(3) 

1747(3) 

29(1) 

CIO' 

8858(3) 

9043(3) 

1205(4) 

32(1) 

Cll’ 

8738(3) 

10062(4) 

748(4) 

37(1) 

C12' 

7809(3) 

10489(3) 

868(3) 

28(1) 
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Table  B-32— continued. 


C13' 

5817(4) 

11301(4) 

-384(4) 

43(1) 

C14' 

6069(4) 

12523(3) 

960(4) 

46(1) 

C15' 

4113(4) 

11333(4) 

1 145(4) 

45(1) 

C16' 

6356(4) 

6811(3) 

1487(4) 

37(1) 

C17' 

6669(4) 

6281(3) 

3568(4) 

38(1) 

Cl  8' 

4582(3) 

6825(3) 

2962(4) 

34(1) 

C19' 

5712(4) 

8632(4) 

4293(3) 

32(1) 

C20' 

6647(4) 

9284(3) 

3954(3) 

32(1) 

C21' 

6487(4) 

10285(3) 

3558(3) 

36(1) 

C22' 

5416(4) 

10583(4) 

3509(4) 

39(1) 

C23' 

7685(4) 

8828(4) 

3989(4) 

44(1) 

C24' 

7346(4) 

11053(3) 

3103(4) 

44(1) 
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Table  B-33.  Bond  lengths  [A]  and  angles  [°]  for  17. 


W-Nl 

W-N2 

W-N3 

W-C22 

W-C19 

W-C21 

W-C20 

Sil-N2 

Sil-C14 

Sil-C15 

511- C13 

512- N3 
Si2-C18 
Si2-C16 
Si2-C17 
Nl-Cl 
N2-C7 
N3-C8 
C1-C2 
C1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C20-C21 
C20-C23 
C21-C22 
C21-C24 
W'-Nl' 
W'-N2' 
W'-N3' 
W-C19' 
W-C22' 
W-C20' 
W'-C21' 
Sil'-N2' 
Sil'-C15' 
Sil'-C14' 
Sil'-C13' 
Si2'-N3' 
Si2'-C17' 
Si2'-C18' 
Si2'-C16' 
Nl’-Cl' 
N2'-C7' 
N3-C8' 


1.755(3) 
2.040(3) 
2.045(3) 
2.178(5) 
2.183(5) 
2.459(5) 
2.460(4) 
1.765(3) 
1.856(5) 
1.857(5) 
1.870(5) 
1.764(3) 
1.861(5) 
1.869(5) 
1.874(5) 
1.390(5) 
1.393(5) 
1.390(5) 
1.387(6) 
1.403(6) 
1.376(6) 
1.385(8) 
1.375(8) 
1.383(6) 
1.399(6) 
1.431(6) 
1 .405(5) 
1.368(6) 
1.386(7) 
1.385(6) 
1.475(7) 
1.375(7) 
1.503(7) 
1.472(7) 
1.507(7) 
1.754(4) 
2.042(3) 
2.044(3) 
2.173(5) 
2.186(5) 
2.460(4) 
2.467(4) 
1.765(3) 
1.855(5) 
1.861(5) 
1.871(5) 
1.764(3) 
1.856(5) 
1.864(4) 
1.867(5) 
1.388(5) 
1.398(5) 
1.392(5) 
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Table  B-33— continued. 


Cl’-C6' 

C1-C2' 

C2-C3' 

C3'-C4' 

C4'-C5' 

C5'-C6' 

C7'-C12' 

C7-C8' 

C8'-C9' 

C9-C10' 

C10'-C11' 

Cll'-C12' 

C19'-C20' 

C20'-C21' 

C20-C23' 

C21-C22' 

C21'-C24' 

N1-W-N2 

N1-W-N3 

N2-W-N3 

N1-W-C22 

N2-W-C22 

N3-W-C22 

N1-W-C19 

N2-W-C19 

N3-W-C19 

C22-W-C19 

N1-W-C21 

N2-W-C21 

N3-W-C21 

C22-W-C21 

C19-W-C21 

N1-W-C20 

N2-W-C20 

N3-W-C20 

C22-W-C20 

C19-W-C20 

C21-W-C20 

N2-Sil-C14 

N2-Sil-C15 

C14-Sil-C15 

N2-Sil-C13 

C14-Sil-C13 

C15-Sil-C13 

N3-Si2-C18 

N3-Si2-C16 

C18-Si2-C16 

N3-Si2-C17 

C18-Si2-C17 

C16-Si2-C17 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 


1.393(7) 
1.406(7) 
1.369(7) 
1.380(8) 
1.384(8) 
1.385(7) 
1.395(6) 
1.421(5) 
1 .409(5) 
1.370(6) 
1 .402(6) 
1.378(6) 
1.483(6) 
1.374(6) 
1 .504(7) 
1 .469(7) 
1.517(7) 

116.45(15) 

118.11(14) 

78.77(13) 

102.10(17) 

89.31(18) 

139.32(16) 

102.58(18) 

140.48(16) 

88.61(17) 

76.2(2) 

136.16(16) 

83.99(14) 

103.21(14) 

36.39(17) 

62.52(18) 

136.60(17) 

104.34(15) 

82.62(14) 

62.73(18) 

36.42(17) 

32.47(16) 

111.2(2) 

108.5(2) 

108.7(2) 

109.5(2) 

110.5(3) 

108.4(2) 

108.29(19) 

108.5(2) 

109.6(2) 

113.7(2) 

106.9(2) 

109.7(2) 

169.3(3) 

121.6(3) 

1 10.2(3) 


Table  B-33— continued. 


Sil-N2-W 

128.24(18) 

C8-N3-Si2 

121.9(3) 

C8-N3-W 

110.1(2) 

Si2-N3-W 

128.00(19) 

C2-C1-N1 

119.8(4) 

C2-C1-C6 

118.2(4) 

N1-C1-C6 

121.9(4) 

C3-C2-C1 

121.2(5) 

C2-C3-C4 

120.1(5) 

C5-C4-C3 

119.7(5) 

C4-C5-C6 

120.5(5) 

C5-C6-C1 

120.3(5) 

N2-C7-C12 

126.4(4) 

N2-C7-C8 

1 14.6(4) 

C12-C7-C8 

119.0(4) 

N3-C8-C9 

126.7(4) 

N3-C8-C7 

114.7(3) 

C9-C8-C7 

118.6(4) 

C10-C9-C8 

121.1(4) 

C9-C10-C1 1 

120.4(4) 

C12-C11-C10 

120.5(4) 

C11-C12-C7 

120.5(4) 

C20-C19-W 

82.1(3) 

C21-C20-C19 

116.2(4) 

C21-C20-C23 

123.1(5) 

C19-C20-C23 

120.4(5) 

C21-C20-W 

73.7(3) 

C19-C20-W 

61.5(2) 

C23-C20-W 

130.5(3) 

C20-C21-C22 

116.8(5) 

C20-C21-C24 

122.7(4) 

C22-C21-C24 

120.3(5) 

C20-C21-W 

73.8(3) 

C22-C21-W 

61.3(2) 

C24-C21-W 

131.8(3) 

C21-C22-W 

82.3(3) 

Nl'-W'-N2' 

117.15(16) 

Nl'-W'-N3' 

118.54(14) 

N2'-W'-N3' 

79.02(13) 

Nl'-W'-C19’ 

103.15(18) 

N2'-W'-C19' 

139.09(16) 

N3'-W'-C19' 

88.27(17) 

Nl'-W'-C22' 

99.00(19) 

N2'-W'-C22' 

90.60(17) 

N3'-W'-C22' 

141.79(18) 

C19'-W'-C22' 

75.8(2) 

Nl'-W'-C20' 

136.43(17) 

N2'-W'-C20' 

102.86(14) 

N3'-W'-C20' 

84.01(15) 

C19'-W'-C20' 

36.67(16) 

C22'-W'-C20' 

62.42(18) 

Nl'-W'-C21' 

133.38(17) 

N2'-W'-C21' 

83.65(15) 

N3'-W'-C21' 

105.71(15) 
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Table  B-33— continued. 


C19'-W'-C21' 

C22'-W'-C21' 

C20'-W'-C21' 

N2'-Sil'-C15' 

N2'-Sil'-C14' 

C15'-Sir-C14' 

N2'-Sil'-C13' 

C15'-Sil'-C13' 

C14'-Sil’-C13' 

N3'-Si2'-C17' 

N3'-Si2'-C18' 

C17'-Si2'-C18' 

N3'-Si2'-C16' 

C17'-Si2'-C16' 

C18'-Si2'-C16' 

Cl'-Nl'-W 

C7'-N2'-Sil' 

C7'-N2'-W' 

Sil'-N2'-W' 

C8'-N3'-Si2' 

C8'-N3'-W' 

Si2'-N3'-W' 

N1'-C1'-C6’ 

N1'-C1'-C2' 

C6'-C1'-C2' 

C3'-C2'-C1' 

C2'-C3'-C4' 

C3'-C4'-C5' 

C4'-C5'-C6' 

C5'-C6'-C1' 

C12'-C7'-N2' 

cir^'-cs’ 

N2'-C7'-C8' 

N3'-C8'-C9' 

N3'-C8'-C7' 

C9'-C8'-C7' 

C10'-C9'-C8' 

C9,-C10'-C11' 

C12'-C1  l'-C10' 

Cll'-C12'-C7' 

C20'-C19'-W' 

C21'-C20'-C19' 

C21'-C20'-C23' 

C19'-C20'-C23' 

C21'-C20'-W' 

C19'-C20'-W' 

C23'-C20'-W' 

C20'-C21'-C22' 

C20'-C21,-C24’ 

C22'-C21'-C24' 

C20,-C21'-W' 

C22'-C21'-W' 


62.52(16) 

36.18(19) 

32.38(15) 

108.6(2) 

111.4(2) 

108.1(3) 

109.0(2) 

109.8(3) 

109.9(3) 

112.65(19) 

108.20(18) 

107.5(2) 

108.5(2) 

110.2(2) 

109.8(2) 

165.1(3) 

122.4(3) 

109.4(2) 

128.20(19) 

122.3(3) 

108.8(2) 

128.78(19) 

122.0(5) 

119.8(4) 

118.2(4) 

120.8(5) 

120.8(6) 

119.1(5) 

120.8(5) 

120.2(5) 

126.0(4) 

119.4(4) 

114.6(3) 

126.3(4) 

115.4(3) 

118.3(4) 

121.2(4) 

120.3(4) 

119.7(4) 

121.1(4) 

82.3(3) 

115.8(4) 

124.0(4) 

120.0(4) 

74.1(3) 

61.1(2) 

131.2(3) 

116.5(4) 

123.4(5) 

119.8(4) 

73.5(3) 

61.4(2) 


Symmetry  transformations  used  to  generate  equivalent  atoms: 


271 


Table  B-34.  Anisotropic  displacement  parameters  (A^x  1()3)  for  17.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  h^  a*^U^  1 + ...  + 2 h k a*  b*  ] 


Uu  u22  u33  u23  u13  u12 


w 

511 

512 
N1 
N2 
N3 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
CIO 
Cll 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 
C23 
C24 
W' 
Sil' 
Si2' 
Nl' 
N2' 
N3' 
Cl' 
C2' 
C3' 
C4' 
C5' 
C6' 
C7' 
C8' 
C9' 
CIO' 
Cll' 
C12' 
C13' 


19(1) 

28(1) 

28(1) 

22(2) 

20(2) 

25(2) 

28(2) 

30(2) 

34(3) 

24(2) 

26(2) 

31(2) 

22(2) 

19(2) 

29(2) 

20(2) 

26(2) 

29(2) 

42(3) 

59(3) 

30(2) 

49(3) 

37(3) 

34(3) 

41(3) 

40(3) 

37(3) 

39(3) 

42(3) 

44(3) 

23(1) 

31(1) 

27(1) 

27(2) 

24(2) 

22(2) 

25(2) 

28(2) 

38(3) 

27(3) 

32(3) 

37(3) 

24(2) 

18(2) 

26(2) 

20(2) 

26(2) 

27(2) 

46(3) 


24(1) 

29(1) 

29(1) 

29(2) 

21(2) 

22(2) 

21(2) 

47(3) 

63(3) 

56(3) 

34(2) 

31(2) 

20(2) 

24(2) 

29(2) 

36(2) 

41(2) 

25(2) 

54(3) 

36(3) 

59(3) 

27(2) 

50(3) 

46(3) 

39(3) 

35(2) 

32(2) 

28(2) 

54(3) 

41(3) 

22(1) 

25(1) 

21(1) 

27(2) 

21(2) 

19(2) 

19(2) 

54(3) 

66(4) 

45(3) 

36(3) 

36(2) 

24(2) 

24(2) 

30(2) 

36(2) 

40(3) 

23(2) 

51(3) 


21(1) 

28(1) 

29(1) 

27(2) 

22(2) 

18(2) 

28(2) 

32(3) 

42(3) 

68(4) 

62(4) 

36(3) 

20(2) 

20(2) 

27(2) 

42(3) 

33(3) 

29(2) 

27(3) 

50(4) 

44(3) 

46(3) 

42(3) 

42(3) 

21(2) 

21(2) 

21(2) 

36(3) 

36(3) 

47(3) 

21(1) 

27(1) 

25(1) 

33(2) 

22(2) 

27(2) 

43(3) 

34(3) 

52(4) 

68(4) 

70(4) 

50(3) 

19(2) 

25(2) 

29(3) 

39(3) 

38(3) 

32(3) 

28(3) 


-7(1) 

-14(1) 

-15(1) 

-8(2) 

-7(1) 

-11(1) 

-9(2) 

-14(2) 

-19(3) 

-27(3) 

-18(2) 

-10(2) 

-4(2) 

-5(2) 

-9(2) 

-11(2) 

-13(2) 

-10(2) 

-13(2) 

-25(3) 

-30(3) 

-11(2) 

-29(3) 

-25(2) 

-8(2) 

1(2) 

3(2) 

-4(2) 

-7(3) 

-4(2) 

-8(1) 

-5(1) 

-7(1) 

-12(2) 

-8(1) 

-4(1) 

-4(2) 

0(2) 

-9(3) 

-10(3) 

-15(3) 

-18(2) 

-8(2) 

-11(2) 

-9(2) 

-11(2) 

-6(2) 

-6(2) 

-4(2) 


1(1) 

0(1) 

-6(1) 

0(2) 

-1(1) 

-2(1) 

-1(2) 

3(2) 

15(2) 

6(3) 

-13(2) 

-3(2) 

-1(2) 

1(2) 

-3(2) 

4(2) 

9(2) 

1(2) 

-7(2) 

-8(3) 

0(2) 

-7(2) 

-13(2) 

-5(2) 

1(2) 

-8(2) 

3(2) 

8(2) 

-17(2) 

5(3) 

2(1) 

-2(1) 

-3(1) 

4(2) 

1(1) 

-5(2) 

-1(2) 

7(2) 

13(3) 

10(3) 

-9(3) 

1(2) 

-3(2) 

3(2) 

-1(2) 

-1(2) 

10(2) 

3(2) 

-5(2) 


-2(1) 

-7(1) 

2(1) 

-2(1) 

-3(1) 

1(1) 

-1(2) 

-3(2) 

-11(2) 

-3(2) 

3(2) 

0(2) 

0(2) 

-2(2) 

-5(2) 

-8(2) 

-3(2) 

-4(2) 

-3(2) 

0(2) 

-13(2) 

0(2) 

-3(2) 

9(2) 

2(2) 

8(2) 

1(2) 

-8(2) 

2(2) 

12(2) 

0(1) 

7(1) 

0(1) 

1(2) 

-1(1) 

2(1) 

2(2) 

-2(2) 

0(3) 

1(2) 

-7(2) 

-6(2) 

1(2) 

0(2) 

4(2) 

4(2) 

-6(2) 

-5(2) 

5(2) 
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Table  B-34— continued. 


C14' 

60(3) 

24(2) 

55(4) 

-8(2) 

-13(3) 

6(2) 

C15' 

33(3) 

47(3) 

45(3) 

-3(3) 

0(2) 

15(2) 

C16'  ’ 

46(3) 

32(2) 

35(3) 

-16(2) 

-2(2) 

1(2) 

C17' 

44(3) 

27(2) 

42(3) 

-5(2) 

-12(2) 

4(2) 

C18' 

28(2) 

33(2) 

41(3) 

-14(2) 

-3(2) 

-3(2) 

C19' 

40(3) 

30(2) 

21(2) 

-5(2) 

4(2) 

-3(2) 

C20' 

43(3) 

35(2) 

18(2) 

-7(2) 

-7(2) 

-7(2) 

C21' 

58(3) 

33(2) 

20(2) 

-11(2) 

-7(2) 

-10(2) 

C22' 

59(3) 

27(2) 

30(3) 

-12(2) 

3(2) 

1(2) 

C23' 

48(3) 

48(3) 

33(3) 

-5(2) 

-19(2) 

-3(2) 

C24' 

63(3) 

29(2) 

40(3) 

-8(2) 

-8(3) 

-15(2) 
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Table  B-35.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters  (A^ 
10  3)  for  17. 


X 

y 

z 

U(eq) 

H2A 

-2093 

3062 

4549 

43 

H3A 

-3850 

2865 

4926 

56 

H4A 

-4946 

3399 

3749 

58 

H5A 

-4273 

4211 

2213 

47 

H6A 

-2510 

4406 

1821 

39 

H9A 

3059 

5902 

2074 

33 

H10A 

4414 

5610 

1097 

40 

HI  1A 

4252 

4421 

316 

40 

H12A 

2708 

3540 

481 

33 

H13A 

380 

4569 

-491 

62 

H13B 

597 

3630 

-871 

62 

H13C 

1516 

4162 

-558 

62 

H14A 

1880 

1977 

823 

68 

H14B 

924 

1621 

406 

68 

H14C 

914 

1410 

1517 

68 

H15A 

-1026 

2447 

1730 

62 

H15B 

-1141 

2572 

650 

62 

H15C 

-1206 

3529 

1022 

62 

H16A 

1977 

7248 

1463 

61 

H16B 

998 

7818 

1743 

61 

H16C 

895 

7087 

1117 

61 

H17A 

1465 

5723 

4259 

59 

H17B 

1457 

6913 

3807 

59 

H17C 

2378 

6294 

3496 

59 

H18A 

-876 

6050 

2639 

57 

H18B 

-628 

6749 

3264 

57 

H18C 

-634 

5557 

3703 

57 

H19A 

660(40) 

4010(40) 

4460(40) 

31(13) 

H19B 

130(40) 

3030(40) 

4690(40) 

39(14) 

H22A 

370(40) 

1660(40) 

3030(40) 

59(18) 

H22B 

80(40) 

1860(30) 

3980(40) 

29(13) 

H23A 

2991 

3108 

4437 

67 

H23B 

2465 

4169 

4263 

67 

H23C 

2965 

3838 

3389 

67 

H24A 

2793 

2572 

2589 

70 

H24B 

2175 

1540 

2755 

70 

H24C 

2849 

1676 

3541 

70 

H2'A 

3061 

9196 

4593 

51 

H3'A 

1332 

9269 

5021 

66 

H4’A 

144 

9277 

3965 

59 

H5'A 

718 

9282 

2440 

55 

H6'A 

2458 

9222 

1986 

49 

H9'A 

8133 

7771 

2032 

34 

H10B 

9503 

8751 

1139 

38 

H11B 

9294 

10456 

356 

44 

H12B 

7731 

11180 

558 

34 

H13D 

5784 

11976 

-824 

65 

H13E 

5316 

10856 

-514 

65 
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Table  B-35— continued. 


H13F 

6506 

11049 

-459 

65 

HMD 

5922 

12536 

1610 

70 

HME 

5761 

13100 

537 

70 

HMF 

6811 

12554 

793 

70 

H15D 

3807 

10719 

1089 

67 

H15E 

3827 

11916 

711 

67 

H15F 

3962 

11356 

1791 

67 

HMD 

5967 

7224 

994 

55 

HME 

6208 

6102 

1573 

55 

HMF 

7090 

6958 

1304 

55 

H17D 

7397 

6484 

3457 

58 

H17E 

6596 

5583 

3577 

58 

H17F 

6380 

6349 

4173 

58 

HMD 

4391 

6957 

3561 

50 

HME 

4424 

6121 

3032 

50 

HMF 

4194 

7255 

2477 

50 

H19C 

5270(40) 

8710(40) 

4730(40) 

42(15) 

HMD 

5850(40) 

7930(40) 

4500(40) 

45(15) 

H22C 

5360(30) 

11180(30) 

3120(30) 

22(11) 

H22D 

5000(30) 

10330(30) 

4150(40) 

28(12) 

H23D 

8164 

9255 

3483 

66 

H23E 

7635 

8162 

3910 

66 

H23F 

7933 

8771 

4597 

66 

H24D 

7960 

10713 

2950 

66 

H24E 

7494 

11420 

3539 

66 

H24F 

7137 

11522 

2526 

66 
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Table  B-36.  Crystal  data  and  structure  refinement  for  19. 


Empirical  formula 

C27  H43  N3  0 Si2  W 

Formula  weight 

665.67 

Temperature 

173(2) K 

Wavelength 

0.71073  A 

Crystal  system 

Monoclinic 

Space  group 

P2(l)/n 

Unit  cell  dimensions 

a = 9.8093(4)  A cc=  90°. 

b = 31.089(1)  A p=  100.321(1)°. 

c = 10.0877(5)  A y = 90°. 

Volume 

3026.6(2)  A3 

Z 

4 

Density  (calculated) 

1.461  Mg/m3 

Absorption  coefficient 

3.918  mm'1 

F(000) 

1344 

Crystal  size 

0.08  x 0.13  x 0.28  mm3 

Theta  range  for  data  collection 

2.15  to  27.50°. 

Index  ranges 

-12<h<12,  -28<k<40,  -13<1<12 

Reflections  collected 

21831 

Independent  reflections 

6937  [R(int)  = 0.0329] 

Completeness  to  theta  = 27.50° 

99.7  % 

Absorption  correction 

Integration 

Max.  and  min.  transmission 

0.7542  and  0.3103 

Refinement  method 

Full-matrix  least-squares  on  F2 

Data  / restraints  / parameters 

6937/0/317 

Goodness-of-fit  on  F2 

1.111 

Final  R indices  [I>2sigma(I)] 

R1  = 0.0328,  wR2  = 0.0675  [6144] 

R indices  (all  data) 

R1  = 0.0392,  wR2  = 0.0697 

Largest  diff.  peak  and  hole 

2.986  and -1.976  e.A3 

Rl=S(l|Fo|-|Fcll)/I|F0| 

wR2  = [I[w(F02  - Fc2)2]  / I[w(F02)2]]1/2 

S = [Z[w(F02  - Fc2)2]  /(n-p)]1/2w=  l/[a2(Fo2)+(0.0370*p)2+0.3 1 *p],  p = [max(Fo2,0)+  2*  Fc2]/3 
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Table  B-37.  Atomic  coordinates  ( x 1 0^)  and  equivalent  isotropic  displacement 

parameters  (A^x  10)3)  for  19.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  Ud  tensor. 


X 

y 

z 

U(eq) 

w 

5872(1) 

1448(1) 

2434(1) 

23(1) 

Sil 

3986(1) 

1099(1) 

4790(1) 

38(1) 

Si2 

7319(1) 

583(1) 

1294(1) 

35(1) 

01 

6852(3) 

1762(1) 

1298(3) 

32(1) 

N1 

4255(3) 

1414(1) 

1389(3) 

27(1) 

N2 

5545(3) 

1151(1) 

4146(3) 

24(1) 

N3 

7266(3) 

960(1) 

2585(3) 

25(1) 

Cl 

3114(4) 

1371(1) 

363(4) 

27(1) 

C2 

2468(4) 

1737(1) 

-253(4) 

33(1) 

C3 

1337(5) 

1697(2) 

-1278(5) 

38(1) 

C4 

828(5) 

1300(2) 

-1702(5) 

41(1) 

C5 

1458(5) 

938(2) 

-1086(5) 

43(1) 

C6 

2589(5) 

970(1) 

-54(4) 

36(1) 

C7 

6721(4) 

925(1) 

4781(4) 

24(1) 

C8 

7672(4) 

823(1) 

3923(4) 

23(1) 

C9 

8894(4) 

603(1) 

4439(4) 

32(1) 

CIO 

9158(4) 

471(2) 

5776(4) 

35(1) 

Cll 

8227(5) 

560(2) 

6602(4) 

37(1) 

C12 

7025(4) 

788(2) 

6122(4) 

33(1) 

C13 

4054(7) 

1385(3) 

6450(6) 

79(2) 

C14 

3633(7) 

519(2) 

4959(8) 

78(2) 

C15 

2503(5) 

1339(2) 

3638(6) 

60(2) 

C16 

9112(6) 

409(2) 

1127(5) 

53(1) 

C17 

6327(7) 

103(2) 

1 664(5) 

57(2) 

C18 

6501(6) 

827(2) 

-343(4) 

47(1) 

C19 

5746(4) 

2043(1) 

3511(5) 

35(1) 

C20 

7178(5) 

2066(2) 

4337(5) 

41(1) 

C21 

8300(5) 

2171(2) 

3826(6) 

49(1) 

C22 

8229(5) 

2330(2) 

2402(6) 

54(1) 

C23 

8146(5) 

1978(2) 

1323(5) 

42(1) 

C24 

7284(7) 

1957(2) 

5827(5) 

60(2) 

C25 

9735(6) 

2175(2) 

4672(8) 

79(2) 

C26 

9338(5) 

1658(2) 

1616(6) 

49(1) 

C27 

8105(6) 

2172(2) 

-74(6) 

63(2) 
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Table  B-38. 

Bond  lengths  [A]  and  angles  [°]  for  19. 

W-Nl 

W-01 

W-N3 

W-N2 

W-C19 

Sil-N2 

Sil  -C14 

Sil-C15 

511- C13 

512- N3 
Si2-C17 
Si2-C18 
Si2-C16 
01-C23 
Nl-Cl 
N2-C7 
N3-C8 
C1-C6 
C1-C2 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
C19-C20 
C20-C21 
C20-C24 
C21-C22 
C21-C25 
C22-C23 
C23-C26 
C23-C27 

1.744(3) 

1.895(3) 

2.030(3) 

2.034(3) 

2.160(4) 

1.773(3) 

1.848(7) 

1.848(5) 

1.887(6) 

1.758(3) 

1.856(6) 

1.863(5) 

1.876(5) 

1.431(5) 

1.387(5) 

1.404(5) 

1.403(5) 

1.386(6) 

1.393(6) 

1.379(6) 

1.371(7) 

1.378(7) 

1.382(6) 

1.398(5) 

1.418(5) 

1.396(5) 

1.389(6) 

1.370(6) 

1.387(6) 

1.502(6) 

1.336(7) 

1.527(7) 

1.510(8) 

1.510(7) 

1.536(8) 

1.523(6) 

1.527(7) 

Nl-W-01 

N1-W-N3 

01-W-N3 

N1-W-N2 

01-W-N2 

N3-W-N2 

N1-W-C19 

01-W-C19 

N3-W-C19 

N2-W-C19 

N2-Sil-C14 

N2-Sil-C15 

C14-Sil-C15 

N2-Sil-C13 

C14-Sil-C13 

99.80(14) 

121.90(14) 

91.31(12) 

102.82(14) 

157.27(12) 

78.68(12) 

103.13(16) 

86.72(15) 

134.52(14) 

86.01(15) 

108.1(2) 

111.5(2) 

108.2(3) 

112.7(2) 

110.8(4) 
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Table  B-3  8— continued. 

C15-Sil-C13 

105.5(3) 

N3-Si2-C17 

107.5(2) 

N3-Si2-C18 

108.7(2) 

C17-Si2-C18 

110.3(3) 

N3-Si2-C16 

114.3(2) 

C17-Si2-C16 

108.7(3) 

C18-Si2-C16 

107.4(2) 

C23-01-W 

140.9(3) 

Cl-Nl-W 

169.0(3) 

C7-N2-Sil 

118.7(3) 

C7-N2-W 

111.9(2) 

Sil-N2-W 

129.05(17) 

C8-N3-Si2 

118.0(3) 

C8-N3-W 

111.7(2) 

Si2-N3-W 

123.42(16) 

C6-C1-N1 

121.4(4) 

C6-C1-C2 

119.0(4) 

N1-C1-C2 

119.7(4) 

C3-C2-C1 

120.2(4) 

C4-C3-C2 

120.8(4) 

C3-C4-C5 

119.1(4) 

C4-C5-C6 

121.0(4) 

C5-C6-C1 

119.8(4) 

C12-C7-N2 

127.5(3) 

C12-C7-C8 

118.3(3) 

N2-C7-C8 

114.2(3) 

C9-C8-N3 

125.7(3) 

C9-C8-C7 

119.8(3) 

N3-C8-C7 

114.5(3) 

C10-C9-C8 

120.3(4) 

Cl  1-C10-C9 

120.2(4) 

C10-C1 1-C12 

120.6(4) 

C11-C12-C7 

120.9(4) 

C20-C19-W 

100.8(3) 

C21-C20-C19 

123.4(5) 

C21-C20-C24 

121.2(5) 

C19-C20-C24 

115.3(5) 

C20-C21-C22 

123.1(5) 

C20-C21-C25 

122.2(6) 

C22-C21-C25 

114.5(5) 

C21-C22-C23 

115.3(4) 

01-C23-C26 

110.2(4) 

01-C23-C27 

107.0(4) 

C26-C23-C27 

109.2(4) 

01-C23-C22 

106.3(4) 

C26-C23-C22 

112.8(4) 

C27-C23-C22 

111.1(5) 

Symmetry  transformations  used  to  generate  equivalent  atoms: 
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Table  B-39.  Anisotropic  displacement  parameters  (A^x  Kp)  for  19.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -27t^[  h2  \ + + 2 h k a*  b* 


U» 

u22 

U33 

u23 

U13 

U12 

w 

21(1) 

23(1) 

23(1) 

3(1) 

2(1) 

2(1) 

Sil 

28(1) 

53(1) 

36(1) 

11(1) 

14(1) 

10(1) 

Si2 

46(1) 

38(1) 

23(1) 

0(1) 

11(1) 

12(1) 

01 

27(1) 

32(2) 

38(2) 

13(1) 

9(1) 

1(1) 

N1 

23(2) 

32(2) 

25(2) 

1(1) 

1(1) 

1(1) 

N2 

23(2) 

26(2) 

23(2) 

0(1) 

4(1) 

3(1) 

N3 

23(2) 

31(2) 

21(1) 

2(1) 

6(1) 

4(1) 

Cl 

23(2) 

31(2) 

26(2) 

1(2) 

4(1) 

-1(2) 

C2 

32(2) 

29(2) 

35(2) 

3(2) 

-2(2) 

-1(2) 

C3 

34(2) 

38(3) 

40(2) 

8(2) 

-1(2) 

6(2) 

C4 

30(2) 

52(3) 

37(2) 

2(2) 

-6(2) 

-1(2) 

C5 

42(3) 

33(2) 

49(3) 

-5(2) 

-6(2) 

-9(2) 

C6 

36(2) 

25(2) 

42(2) 

2(2) 

-4(2) 

1(2) 

C7 

22(2) 

28(2) 

22(2) 

2(2) 

4(1) 

1(2) 

C8 

26(2) 

22(2) 

21(2) 

-1(1) 

1(1) 

3(2) 

C9 

29(2) 

36(2) 

30(2) 

-3(2) 

6(2) 

8(2) 

CIO 

33(2) 

37(2) 

31(2) 

3(2) 

-4(2) 

13(2) 

Cll 

41(2) 

45(3) 

24(2) 

4(2) 

0(2) 

7(2) 

C12 

35(2) 

41(3) 

23(2) 

4(2) 

7(2) 

7(2) 

C13 

62(4) 

132(7) 

49(3) 

-4(4) 

27(3) 

31(4) 

C14 

52(3) 

70(4) 

117(6) 

35(4) 

31(4) 

-8(3) 

C15 

27(2) 

97(5) 

61(3) 

23(3) 

17(2) 

17(3) 

C16 

64(3) 

64(4) 

36(2) 

2(2) 

21(2) 

32(3) 

C17 

87(4) 

39(3) 

46(3) 

-10(2) 

10(3) 

-4(3) 

C18 

60(3) 

59(3) 

23(2) 

-2(2) 

12(2) 

15(3) 

C19 

32(2) 

29(2) 

43(2) 

-3(2) 

6(2) 

1(2) 

C20 

43(3) 

28(2) 

49(3) 

-11(2) 

-3(2) 

4(2) 

C21 

37(3) 

38(3) 

67(3) 

-11(2) 

-4(2) 

-4(2) 

C22 

35(3) 

36(3) 

91(4) 

7(3) 

16(3) 

-8(2) 

C23 

30(2) 

37(3) 

62(3) 

16(2) 

15(2) 

-2(2) 

C24 

74(4) 

51(3) 

46(3) 

-19(3) 

-9(3) 

0(3) 

C25 

42(3) 

88(5) 

99(5) 

-29(4) 

-8(3) 

-5(3) 

C26 

26(2) 

55(3) 

68(3) 

10(3) 

16(2) 

6(2) 

C27 

48(3) 

69(4) 

81(4) 

41(3) 

30(3) 

10(3) 
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Table  B-40.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters 
(A2x  10  2)  for  19. 


X 

y 

z 

U(eq) 

H2A 

2807 

2014 

33 

40 

H3A 

906 

1949 

-1696 

46 

H4A 

52 

1275 

-2410 

50 

H5A 

1109 

662 

-1375 

52 

H6A 

3005 

717 

369 

43 

H9A 

9549 

544 

3873 

38 

H10A 

9985 

319 

6119 

42 

HI  1A 

8405 

464 

7510 

45 

H12A 

6401 

853 

6713 

39 

H13A 

4885 

1295 

7079 

119 

H13B 

3228 

1312 

6825 

119 

H13C 

4084 

1696 

6308 

119 

H14A 

3495 

383 

4069 

117 

H14B 

2795 

483 

5352 

117 

H14C 

4420 

384 

5547 

117 

H15A 

2732 

1634 

3420 

91 

H15B 

1688 

1341 

4076 

91 

H15C 

2303 

1168 

2809 

91 

H16A 

9706 

663 

1134 

80 

H16B 

9075 

253 

277 

80 

H16C 

9490 

221 

1882 

80 

H17A 

6818 

-38 

2479 

86 

H17B 

6235 

-97 

904 

86 

H17C 

5405 

192 

1803 

86 

H18A 

5546 

911 

-302 

71 

H18B 

6498 

617 

-1068 

71 

H18C 

7028 

1082 

-521 

71 

H19A 

5553 

2290 

2888 

42 

H19B 

5029 

2029 

4087 

42 

H22A 

9059 

2509 

2370 

64 

H22B 

7407 

2519 

2169 

64 

H24A 

7896 

1708 

6052 

90 

H24B 

6361 

1889 

6012 

90 

H24C 

7663 

2204 

6375 

90 

H25A 

9894 

2451 

5144 

118 

H25B 

10424 

2136 

4089 

118 

H25C 

9818 

1941 

5332 

118 

H26A 

9340 

1522 

2492 

73 

H26B 

10218 

1809 

1631 

73 

H26C 

9225 

1437 

911 

73 

H27A 

7857 

1949 

-760 

95 

H27B 

9019 

2290 

-135 

95 

H27C 

7414 

2403 

-222 

95 
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Table  B-41.  Crystal  data  and  structure  refinement  for  22. 


Empirical  formula 
Formula  weight 
Temperature 
Wavelength 
Crystal  system 
Space  group 
Unit  cell  dimensions 


Volume 

Z 

Density  (calculated) 
Absorption  coefficient 
F(000) 

Crystal  size 

Theta  range  for  data  collection 
Index  ranges 
Reflections  collected 
Independent  reflections 
Completeness  to  theta  = 27.50° 
Absorption  correction 
Max.  and  min.  transmission 
Refinement  method 
Data  / restraints  / parameters 
Goodness-of-fit  on  F2 
Final  R indices  [I>2sigma(I)] 

R indices  (all  data) 

Largest  diff.  peak  and  hole 


C22  H31  N3  S Si2  W 
609.59 
173(2) K 
0.71073  A 
Triclinic 


P-1 

a = 9.4647(4)  A 
b=  11.7141(5)  A 
c = 12.4830(5)  A 
1246.64(9)  A3 
2 

1 .624  Mg/m3 
4.826  mm"1 
604 

0.15  x 0.08  x 0.04  mm3 


<x=  101.246(1)° 
p=  111.655(1)° 
y = 93.904(1)°. 


1.79  to  27.50°. 

-12<h<l  1,  -15<k<15,  -16<1<15 
8979 

5607  [R(int)  = 0.0326] 

97.8  % 


Integration 
0.8395  and  0.6137 
Full-matrix  least-squares  on  F2 
5607  / 2 / 264 
1.024 

R1  = 0.0264,  wR2  = 0.0647  [5106] 
R1  = 0.0305,  wR2  = 0.0663 
1.568  and -1.022  e.A  3 


Rl=Z(||FoMFcll)/I|F0| 

wR2  = [Z[w(F02  - Fc2)2]  / Z[w(F02)2]],/2 

S = [Z[w(F02  - Fc2)2]  / (n-p)]1/2 

w=  1/[ct2(Fo2)+(0.0370*p)2+0.3  1 *p],  p = [max(Fo2,0)+  2*  Fc2]/3 
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Table  B-42.  Atomic  coordinates  ( x 1()4)  and  equivalent  isotropic  displacement 

parameters  (A^x  1C)3)  for  22.  U(eq)  is  defined  as  one  third  of  the  trace  of  the 

• • 

orthogonalized  Ud  tensor. 


X 

y 

z 

U(eq) 

w 

9027(1) 

2056(1) 

2801(1) 

22(1) 

Sil 

7351(1) 

3929(1) 

1014(1) 

28(1) 

Si2 

13013(1) 

2288(1) 

3832(1) 

28(1) 

N1 

8883(4) 

2828(3) 

4082(3) 

30(1) 

N2 

8589(4) 

2887(3) 

1468(3) 

26(1) 

N3 

11127(4) 

2167(3) 

2749(3) 

25(1) 

Cl 

8502(4) 

3122(3) 

5072(3) 

25(1) 

C2 

7850(5) 

2230(3) 

5423(3) 

30(1) 

C3 

7403(5) 

2520(4) 

6364(4) 

37(1) 

C4 

7609(5) 

3676(4) 

6975(3) 

35(1) 

C5 

8296(5) 

4557(3) 

6649(4) 

33(1) 

C6 

8731(5) 

4288(3) 

5701(4) 

31(1) 

C7 

9419(4) 

2360(3) 

836(3) 

27(1) 

C8 

10795(4) 

1969(3) 

1536(3) 

26(1) 

C9 

11697(5) 

1426(3) 

959(4) 

34(1) 

CIO 

11275(5) 

1298(4) 

-238(4) 

40(1) 

Cll 

9942(6) 

1686(4) 

-916(4) 

41(1) 

C12 

9014(5) 

2200(4) 

-391(4) 

37(1) 

C13 

8311(5) 

5027(4) 

510(4) 

40(1) 

C14 

5491(5) 

3185(4) 

-214(5) 

49(1) 

C15 

7006(5) 

4672(4) 

2328(4) 

40(1) 

C16 

14371(5) 

3203(4) 

3460(4) 

43(1) 

C17 

13563(5) 

785(4) 

3873(4) 

40(1) 

C18 

12988(5) 

3014(4) 

5277(4) 

39(1) 

SI 

6492(3) 

1087(2) 

1585(3) 

32(1) 

C19 

5977(15) 

-102(10) 

2057(11) 

41(3) 

C20 

6641(14) 

-602(10) 

2796(10) 

38(3) 

C21 

8472(12) 

-532(8) 

3300(8) 

32(2) 

C22 

9340(13) 

360(8) 

3289(9) 

35(3) 

SI' 

9715(4) 

299(2) 

3392(3) 

28(1) 

C19' 

8132(14) 

-582(10) 

3371(11) 

34(3) 

C20' 

6891(16) 

-750(12) 

2731(12) 

37(4) 

C21’ 

5963(17) 

103(12) 

1924(12) 

37(3) 

C22' 

6705(13) 

1052(13) 

1824(14) 

50(5) 
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Table  B-42. 

Bond  lengths  [A]  and  angles  [°]  for  22. 

W-Nl 

W-N3 

W-N2 

W-C22' 

W-C22 

W-Sl 

w-sr 

Sil-N2 

Sil-C15 

Sil-C13 

511- C14 

512- N3 
Si2-C18 
Si2-C16 
Si2-C17 
Nl-Cl 
N2-C7 
N3-C8 
C1-C6 
C1-C2 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C12 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 
S1-C19 
C19-C20 
C20-C21 
C21-C22 
Sl'-C19' 
C19'-C20' 
C20'-C21' 
C21'-C22' 

1.734(3) 

2.008(3) 

2.016(3) 

2.194(10) 

2.196(9) 

2.371(3) 

2.371(3) 

1.777(3) 

1.853(4) 

1.859(4) 

1.868(5) 

1.773(3) 

1.849(4) 

1.861(4) 

1.873(4) 

1.399(4) 

1.398(4) 

1.396(5) 

1.394(5) 

1.398(5) 

1.380(5) 

1.380(6) 

1.385(6) 

1.379(5) 

1.404(5) 

1.437(5) 

1.415(5) 

1.370(6) 

1.398(6) 

1.381(6) 

1.722(12) 

1.192(16) 

1.600(16) 

1.289(14) 

1.750(13) 

1.127(18) 

1.63(2) 

1.325(19) 

N1-W-N3 

N1-W-N2 

N3-W-N2 

N1-W-C22* 

N3-W-C22* 

N2-W-C22' 

N1-W-C22 

N3-W-C22 

N2-W-C22 

C22'-W-C22 

Nl-W-Sl 

N3-W-S1 

N2-W-S1 

C22-W-S1 

117.02(14) 

116.06(13) 

82.25(12) 

101.7(5) 

140.7(4) 

87.1(5) 

98.0(3) 

89.0(3) 

145.1(3) 

78.5(5) 

104.49(13) 

138.47(11) 

80.88(11) 

6.2(5) 
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Table  B-42— continued. 


C22-W-S1 

Ni-w-sr 

N3-W-S1' 

N2-W-S1' 

C22'-W-S1' 

C22-W-S1' 

Sl-W-Sl' 

N2-Sil-C15 

N2-Sil-C13 

C15-Sil-C13 

N2-Sil-C14 

C15-Sil-C14 

C13-Sil-C14 

N3-Si2-C18 

N3-Si2-C16 

C18-Si2-C16 

N3-Si2-C17 

C18-Si2-C17 

C16-Si2-C17 

Cl-Nl-W 

C7-N2-Sil 

C7-N2-W 

511- N2-W 
C8-N3-Si2 
C8-N3-W 

512- N3-W 
C6-C1-C2 
C6-C1-N1 
C2-C1-N1 
C3-C2-C1 
C4-C3-C2 
C3-C4-C5 
C6-C5-C4 
C5-C6-C1 
N2-C7-C12 
N2-C7-C8 
C12-C7-C8 
N3-C8-C9 
N3-C8-C7 
C9-C8-C7 
C10-C9-C8 
C9-C10-C11 
C12-C11-C10 
C11-C12-C7 
C19-S1-W 
C20-C19-S1 
C19-C20-C21 
C22-C21-C20 
C21-C22-W 
C19'-S1’-W 
C20'-C19'-Sr 
C19'-C20'-C21’ 
C22'-C21'-C20' 
C21’-C22'-W 


83.7(3) 

99.32(12) 

81.79(11) 

144.62(11) 

85.5(4) 

7.6(3) 

90.62(10) 

106.94(17) 

109.44(18) 

109.7(2) 

110.92(18) 

110.2(2) 

109.6(2) 

107.06(18) 

108.95(18) 

110.2(2) 

109.84(18) 

110.0(2) 

110.7(2) 

162.4(3) 

124.2(2) 

102.9(2) 

132.66(17) 

123.1(2) 

102.7(2) 

133.78(17) 

119.4(3) 

121.3(3) 

119.3(3) 

119.6(3) 

121.0(4) 

119.5(4) 

120.4(3) 

120.1(3) 

125.3(3) 

115.2(3) 

119.4(3) 

125.4(3) 

116.1(3) 

118.6(3) 

120.3(4) 

121.0(4) 

120.5(4) 

120.2(4) 

112.4(5) 

134.5(11) 

121.9(11) 

121.0(9) 

136.8(9) 

111.4(4) 

129.9(12) 

128.1(13) 

120.8(13) 

134.1(12) 
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Table  B-43.  Anisotropic  displacement  parameters  (A^x  lO^)  for  22.  The  anisotropic 
displacement  factor  exponent  takes  the  form:  -2n^[  h^  a*2{jl  1 + ...  + 2 h k a*  b*  ] 


U11 

u22 

U33 

u23 

U13 

U12 

w 

24(1) 

22(1) 

22(1) 

6(1) 

10(1) 

6(1) 

Sil 

30(1) 

28(1) 

29(1) 

11(1) 

12(1) 

11(1) 

Si2 

26(1) 

29(1) 

32(1) 

11(1) 

10(1) 

8(1) 

N1 

34(2) 

28(2) 

32(2) 

10(1) 

16(1) 

8(1) 

N2 

29(2) 

28(2) 

24(2) 

9(1) 

11(1) 

10(1) 

N3 

26(2) 

26(1) 

26(2) 

10(1) 

12(1) 

10(1) 

Cl 

24(2) 

26(2) 

23(2) 

5(1) 

9(1) 

5(1) 

C2 

39(2) 

25(2) 

28(2) 

7(1) 

13(2) 

7(2) 

C3 

48(3) 

35(2) 

36(2) 

16(2) 

22(2) 

6(2) 

C4 

43(2) 

40(2) 

25(2) 

7(2) 

18(2) 

11(2) 

C5 

39(2) 

25(2) 

32(2) 

1(2) 

13(2) 

5(2) 

C6 

32(2) 

26(2) 

36(2) 

7(2) 

16(2) 

2(2) 

Cl 

32(2) 

25(2) 

27(2) 

8(1) 

13(2) 

9(2) 

C8 

29(2) 

25(2) 

26(2) 

8(1) 

12(2) 

5(1) 

C9 

35(2) 

35(2) 

41(2) 

12(2) 

20(2) 

18(2) 

CIO 

49(3) 

43(2) 

39(2) 

12(2) 

27(2) 

20(2) 

Cll 

54(3) 

43(2) 

31(2) 

8(2) 

20(2) 

18(2) 

C12 

43(2) 

39(2) 

31(2) 

10(2) 

14(2) 

18(2) 

C13 

45(3) 

42(2) 

41(2) 

20(2) 

21(2) 

14(2) 

C14 

35(2) 

42(2) 

55(3) 

14(2) 

-2(2) 

10(2) 

C15 

44(2) 

45(2) 

41(2) 

16(2) 

25(2) 

20(2) 

C16 

27(2) 

49(2) 

57(3) 

21(2) 

17(2) 

5(2) 

C17 

37(2) 

33(2) 

53(3) 

16(2) 

15(2) 

16(2) 

C18 

39(2) 

42(2) 

32(2) 

9(2) 

9(2) 

9(2) 
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Table  B-44.  Hydrogen  coordinates  ( x 10^)  and  isotropic  displacement  parameters 
(A2x  10  2)  for  22. 


X 

y 

z 

U(eq) 

H2A 

7716 

1430 

5017 

36 

H3A 

6945 

1915 

6595 

44 

H4A 

7283 

3867 

7614 

42 

H5A 

8469 

5351 

7082 

40 

H6A 

9187 

4898 

5476 

37 

H9A 

12600 

1148 

1403 

41 

H10A 

11898 

941 

-612 

48 

HI  1A 

9673 

1595 

-1743 

49 

H12A 

8099 

2447 

-860 

44 

H13A 

9203 

5499 

1187 

59 

H13B 

7585 

5544 

171 

59 

H13C 

8651 

4617 

-94 

59 

H14A 

5693 

2748 

-883 

74 

H14B 

4844 

3778 

-471 

74 

H14C 

4959 

2639 

67 

74 

H15A 

6608 

4081 

2645 

59 

H15B 

6253 

5206 

2097 

59 

H15C 

7973 

5124 

2937 

59 

H16A 

14626 

2718 

2842 

65 

H16B 

15312 

3515 

4170 

65 

H16C 

13889 

3858 

3171 

65 

H17A 

13215 

465 

4418 

60 

H17B 

14683 

840 

4146 

60 

H17C 

13077 

265 

3075 

60 

H18A 

12831 

3833 

5283 

58 

H18B 

13971 

2997 

5914 

58 

H18C 

12149 

2597 

5401 

58 

H19A 

4925 

-436 

1631 

49 

H20A 

6067 

-1055 

3094 

46 

H21A 

8927 

-1157 

3611 

38 

H22A 

10390 

256 

3566 

43 

H19B 

8351 

-981 

3994 

41 

H20B 

6317 

-1480 

2653 

44 

H21B 

4877 

-81 

1520 

44 

H22B 

6096 

1367 

1190 

60 
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